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Abstract
An array of microfabricated interdigitated electrodes (IDEs) is the most commonly used form 
of electrode geometry for dielectrophoretic manipulation of biological particles in microfluidic biochips 
owing to simplicity of fabrication and ease of analysis. However, the dielectrophoretic force 
dramatically reduces as the distance from the electrode surface increases; therefore, the effective region 
is usually close to the electrode surface for a given electric potential difference. Here, I present a novel 
two-dimensional computational method for generating planar electrode patterns with enhanced 
volumetric electric fields, which I call the “microelectrode discretization (MED)” method. It involves 
discretization and reconstruction of planar electrodes followed by selection of the electrode pattern that 
maximizes a newly defined objective function, factor S, which is determined by the electric potentials 
on the electrode surface alone. In this study, IDEs were used as test planar electrodes. Two arrays of 
IDEs and respective MED-optimized electrodes were implemented in microfluidic devices for the 
selective capture of Escherichia coli against 1-μm-diameter polystyrene beads, and I experimentally 
observed that 1.4 to 35.8 times more bacteria were captured using the MED-optimized electrodes than 
the IDEs (p < 0.0016), with a bacterial purity against the beads of more than 99.8%. This simple design 
method offered simplicity of fabrication, highly enhanced electric field, and uniformity of particle 
capture, and can be used for many dielectrophoresis-based sensors and microfluidic systems.
Dielectrophoresis (DEP) is usually effective close to the electrode surface. Several techniques 
have been developed to overcome its drawbacks and to enhance dielectrophoretic particle capture. Here
a simple technique was presented of superimposing alternating current DEP (high-frequency signals) 
and electroosmosis (EO; low-frequency signals) between two coplanar electrodes (gap: 25 μm) using a 
lab-made voltage adder for rapid and selective concentration of bacteria, viruses, and proteins, where
the voltages and frequencies of DEP and EO were controlled separately. This signal superimposition 
technique enhanced bacterial capture (Escherichia coli K-12 against 1-μm-diameter polystyrene beads) 
more selectively (>99 %) and rapidly (~30 s) at lower DEP (5 Vpp) and EO (1.2 Vpp) potentials than 
those used in the conventional DEP capture studies. Nanometer-sized MS2 viruses and troponin I 
antibody proteins were also concentrated using the superimposed signals, and significantly more MS2 
and cTnI-Ab were captured using the superimposed signals than the DEP (10 Vpp) or EO (2 Vpp) 
signals alone (p < 0.035) between the two coplanar electrodes and at a short exposure time (1 min). This 
technique has several advantages, such as simplicity and low cost of electrode fabrication, rapid and 
large collection without electrolysis.
Electrokinetic technologies such as AC electro-osmosis (EO) and dielectrophoresis (DEP) have 
been used for effective manipulation of bacteria to enhance the sensitivity of an assay, and many 
previously reported electrokinetics-enhanced biosensors are based on stagnant fluids. An effective 
region for positive DEP for particle capture is usually too close to the electrode for the flowing particles 
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to move toward the detection zone of a biosensor against the flow direction; this poses a technical 
challenge for electrokinetics-assisted biosensors implemented within pressure-driven flows, especially 
if the particles flow with high speed and if the detection zone is small. Here, a microfluidic single-
walled carbon nanotubes (SWCNTs)-based field-effect transistor immunosensor was presented with 
electrohydrodynamic (EHD) focusing and DEP concentration for continuous and label-free detection 
of flowing Staphylococcus aureus in a 0.01× phosphate buffered saline (PBS) solution. The EHD 
focusing involved AC EO and negative DEP to align the flowing particles along lines close to the bottom 
surface of a microfluidic channel for facilitating particle capture downstream in the detection zone. For 
feasibility, 380-nm-diameter fluorescence beads suspended in 0.001× PBS were tested, and 14.6 times 
more beads were observed to be concentrated on the detection area with EHD focusing. Moreover, 
label-free, continuous, and selective measurement of S. aureus in 0.01× PBS was demonstrated, 
showing good linearity between the relative changes in electrical conductance of the SWCNTs and 
logarithmic S. aureus concentrations, a capture/detection time of 35 min, and limit of detection of 150 
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1.1. Dielectrophoresis with Planar Microelectrodes
Dielectrophoresis (DEP) is the movement of a polarizable particle in a non-uniform electric 
field, and it is extensively used for manipulating or collecting micrometer- and nanometer-sized 
particles. It usually involves microfabricated electrodes such as interdigitated (Li Bashir 2002; Del 
Moral-Zamora et al. 2015), spiral (Wang et al. 1997), polynomial (Gagnon et al. 2010), square 
microwell (Rosenthal Voldman 2005), castellated (Ramadan et al. 2006), slanted (Wei et al. 2014), 
and curved (Khoshmanesh et al. 2009) electrodes, and an array of interdigitated electrodes (IDEs) is 
most commonly used due to its simple fabrication and ease of analysis. However, the DEP force over 
these electrodes decreases exponentially with distance from the electrode surface; hence DEP is 
usually effective close to the electrode surface for a given applied electric potential (Das et al. 2005; 
Gadish Voldman 2006).
To maximize the DEP-effective region towards high-throughput and highly effective particle 
manipulation, many studies have been conducted on the development of new electrodes. In recent 
years, three-dimensional (3D) electrodes have been presented, such as vertical electrodes (Voldman et 
al. 2002; Demircan et al. 2015) and top-bottom electrodes (Dürr et al. 2003; Tada et al. 2016); 
however, these electrodes can be difficult to implement because of difficulties in alignment, 
complicated fabrication processes, and relatively high cost (Li et al. 2014). Insulator-based DEP has 
also been developed to generate non-uniform electric fields throughout the entire channel height along 
with chemically inertness (Nakano et al. 2015) using glass, silicon, and polymers. However, high 
external voltages, for example up to an order of a kilovolt, may need to be applied to the fluid 
reservoirs of these devices along with the additional safety consideration (Chou et al. 2002; Lapizco-
Encinas et al. 2003) and Joule heating throughout the entire channel length (Zellner et al. 2013).
Novel planar electrode patterns that can generate higher electric fields than those generated by 
conventional IDEs without complicated fabrication processes and large external electric power 
consumption would be desirable. Although there have been many studies on the design optimization 
of IDEs and other pre-existing electrodes, such as the length, width, and spacing of the electrodes, to 
enhance the electrodes’ dielectrophoretic performances (Albrecht et al. 2004; Liang et al. 2004; 
Jubery Dutta 2013; Sadeghian et al. 2017), optimization studies on the development of general planar 
electrode patterns to achieve these goals have received little attention. Yoon and Park (Yoon Park 
2010) presented a topological optimization procedure using the finite element method, where the 
objective function was the spatial distribution of the square electric field for the entire domain. The 
developed electrode patterns were not experimentally demonstrated for practicability. Kinio and Mills 
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(Kinio Mills 2016) also presented a design procedure using simplified particle trajectories as the 
objective function for two flow velocity profiles. The developed design was also not verified 
experimentally, and a greater computation time was required compared to the approach with DEP 
force-based objective functions.
In this study, a simple and effective two-dimensional (2D) computational method was proposed 
to generate new planar electrode patterns to enhance the electric field intensity and dielectrophoretic 
particle capture. First, a novel objective function, which is factor S, was defined on the electrode surface, 
enabling the 2D computation of the volumetric DEP force generated by the planar electrodes. 
Conventional IDEs were then discretized into small rectangular cells, and for all possible connections 
of the discretized electrodes, S values were computed using the second-order central finite difference 
method without considering flow velocities with MATLAB R2018a, which will be referred to as the 
“microelectrode discretization (MED) method.” The electrode pattern with the greatest value of S
showed the MED-optimized electrode pattern in terms of volumetric downward DEP forces and was 
compared with the original IDEs. Here, S values were computed for all possible connections of the 
discretized electrodes generated from IDEs for comparison with the IDEs; however, this method can be 
applied to any planar discretized electrodes with modifications of boundary conditions. 
Two MED-optimized electrodes were generated from two arrays of IDEs, where each consisted 
of six IDEs, and both the electrode width and gap were 20 µm in one case, and the electrode width was 
20 µm and the gap was 10 µm in the other case. These two arrays of IDEs and respective MED-
optimized electrodes were implemented in dielectrophoretic bacterial sorters separately, and DEP-
assisted selective capture of bacteria Escherichia coli K-12 from 1-µm-diameter polystyrene beads were 
experimentally conducted and compared for the same electric (alternating current (AC) potentials, 
frequencies) and fluidic (flow rates) conditions.
1.2. Electrokinetic Manipulation of Biological Particles
Dielectrophoresis (DEP) refers to the movement of polarizable particles in a non-uniform 
electric field (Pohl 1951, Yang et al. 2000). This technique is an effective means of manipulating a 
specific type of biological particle, for example, particular species (Becker et al. 1995), size (Wang et 
al. 1998), or life state (Li Bashir 2002) in a heterogeneous particle mixture (Morgan et al. 1999). 
Coplanar electrodes such as interdigitated electrodes have been widely used to generate DEP due to 
their simple fabrication and ease of analysis. However, the DEP force over such electrodes generally 
decreases exponentially with the height above the electrode surface (Green et al. 2002); hence it is 
usually effective close to the electrode surface (Markx Pethig 1995; Gadish Voldman 2006). 
Furthermore, it is not easy to manipulate nanometer-sized biological particles, such as viruses and 
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proteins, rapidly by using DEP because the dielectrophoretic mobility decreases with the square of the 
particle diameter (Morgan et al. 1999).
On the contrary, alternating current (AC) electroosmosis (EO) is fluid motion induced by 
electrode polarization when AC electric potentials are applied to planar microelectrodes at intermediate 
characteristic frequencies (Ramos et al. 1999). This technique has been applied in several fluidic 
applications, such as micropumps with arrays of asymmetric electrodes (Brown et al. 2000; Studer et 
al. 2004; Huang et al. 2010) and micromixers for chemical species and electrolytes (Sasaki et al. 2006; 
Chen et al. 2009; Chen et al. 2013) with low applied electric potentials. As AC EO is exerted on fluids 
rather than particles, the use of AC EO alone may be limited in several applications such as sorting, 
separation, selective concentration, and focusing based on their electrical properties.
In this regard, DEP and EO need to be combined to enable the selective and rapid concentration 
of particles far from the electrodes as well as near the electrodes onto a particular spot, such as a sensing 
element, thereby increasing the sensitivity of a sensor to biological particles such as bacteria, proteins, 
and viruses (Gong 2010; Sharma et al. 2016). Few studies have been conducted using both EO and DEP 
on planar electrodes; in those studies, two electrodes generating DEP were implemented in the gaps 
between two outer electrodes inducing EO (Heeren et al. 2007; Cheng et al. 2013). Therefore, the 
shapes and sizes of the planar electrodes were limited, and more care needs to be taken to avoid 
electrical shorts between the electrodes. 
Other studies in which a pair of sinusoidal signals between two planar electrodes were used have 
also been reported on; in those cases, both DEP and EO needed to occur at the same AC frequency 
(Gong 2010; Gagnon Chang 2005; Zhou et al. 2005; Lin et al. 2016; Rezanoor Dutta 2016) or to be 
generated in alternating time intervals (Melvin et al. 2011) (Table 1-1). However, AC EO generally 
occurs when the frequency is less than a few kHz (Green et al.  2000) while DEP capture usually works 
effectively in higher frequencies, for example, kHz or MHz regions (Park 2009; Sang 2016) therefore, 
applying a pair of sinusoidal signals to generate both DEP and EO may not work in many cases. 
Moreover, there are risks in this case that electrode damage or air bubble generation may occur by 
electrolysis at low frequencies (Castellanos et al. 2003), when the electrical potential needs to be 
increased for better particle manipulation.
Here, a simple and effective method was proposed of concentrating bacteria, viruses, and 
proteins rapidly and selectively on two coplanar electrodes via superimposing AC DEP and EO signals 
for biosensor applications. Signal superposition techniques have been previously employed in several 
studies using two sets of sinusoidal waves (Pethig et al. 2003; Valero et al. 2010; Han et al. 2013), and 
pulsed sinusoidal waves (Cui et al. 2009; Kumemura et al. 2011; Honegger Peyrade 2013); however, 
they involved only electrical forces exerted on the particles suspended in fluids such as DEP, traveling 
wave DEP, and electrorotation for sorting, separation, trapping etc., and hence many of the particles 
located far from the electrode could not be manipulated rapidly. In the present study, EO was combined 
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with DEP to enhance particle capture selectively and rapidly, which is critical for biosensors requiring 
rapid detection of biological particles. Although EO and DEP have been extensively studied (Table 1-
1), this topic has not attracted much attention (Han et al. 2017).
Firstly, the frequencies for optimal EO and DEP generation were determined, and the two 
waveforms were superimposed and applied to the fabricated coplanar electrodes (Fig. 3-1). Selective 
concentration of Escherichia coli K-12 was conducted against 1-μm-diameter polystyrene (PS) beads 
from a bacteria–bead mixture. MS2 viruses and fluorescein isothiocyanate (FITC)-labelled troponin I 
antibody (cTnI-Ab) were also tested to determine whether this method would work for nanometer-sized 
particles. The particles concentrated within targeted areas on the electrodes were quantified with 
different treatments: no solution (negative control), no signal (positive control), lower frequency signals 
(EO), higher frequency signals (DEP), and superimposed signals (EO+DEP), and the effects of these 
treatments were analyzed.
Table 1-1. Electrokinetic studies involving simultaneous treatment of DEP and EO, and signal 
superposition. PS: polystyrene; EO: electroosmosis; DEP: dielectrophoresis; IDEs: Interdigitated 
electrodes; EP: electrophoresis; AHA: azidohomoalanine; ITO: indium tin oxide; CTB: cholera toxin 
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1.3. Biosensors Assisted by Electrokinetics
Rapid measurement of pathogenic bacteria is a critical process in medical diagnostics, food 
industry, and environmental monitoring, among others. Extensively used techniques for such purposes 
include growth and colony counting, nucleic-acids-based assays, and immunoassays (Kim et al.
2015). Electrokinetic technologies such as AC electro-osmosis (EO) and dielectrophoresis (DEP) have 
been employed for effective manipulation of bacteria, such as separation, enrichment, and mixing, as 
preliminary steps before detection to enhance the sensitivity of the assay (Salari Thompson 2018; Han 
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et al. 2018). AC EO represents a fluid motion induced by electrode polarization; therefore, 
microorganisms that are distant from the electrode can be moved closer to a detection area with flow 
motion, and this process is not dependent on particle size and type (Gong 2010). On the other hand, 
AC DEP involves the movement of a polarizable particle in a non-uniform electric field depending on 
the particle size and the electrical properties of particles and media, thereby enabling concentration of 
particular microorganisms in a detection area (Kim et al. 2015; Freedman et al. 2015; Sharma et al.
2016; Galvan et al. 2018). The positive DEP (pDEP) is extensively used to capture bacterial particles, 
although it is effective only in regions close to an electrode. Recently, the simultaneous use of AC EO 
and DEP at a single electrical frequency was reported (Leahy Lai 2017ab); however, the choice of 
frequency was even more limited than using either AC EO or DEP alone. AC electrothermal (ET) 
actuation was also applied to induce convective flows in sensors (Lee et al. 2016), while additional 
considerations, such as conformational changes, thermal stress of pathogens, and damages to devices 
via temperature rise owing to Joule heating, are unavoidable (Salari Thompson 2018; Galvan et al.
2018).
Many of previously reported electrokinetics-enhanced biosensors are based on stagnant 
liquids (Salari Thompson 2018), where analytes can be manipulated more easily than under flowing 
liquids. If a biosensor is implemented within a pressure-driven flow rather than a stagnant liquid for 
higher throughput, automation, multiplexed detection, and/or continuous monitoring (Syedmoradi et 
al. 2019), stronger electrical forces need to be exerted on the analytes, such as pDEP, to overcome the 
hydrodynamic forces and to bind the particles to a detection zone, which usually constitutes a very 
small area for field-effect transistor (FET)-based sensors (Lee et al. 2009). This can be a challenge 
because an effective region for the pDEP is usually too close to the electrode of the channel surface to 
drag all the particles flowing from the top surface to the bottom toward the detection zone of a 
biosensor against the flow direction, especially when the particles flow with high speed and the 
detection zone is small. Hence, in most studies on electrokinetics-enhanced biosensors for flowing 
targets, capture efficiencies were either low or not measured, labeling was used, the limits of detection 
were relatively high, the electrical impedance technique was used for detection by using relatively 
large electrode areas, and/or sensor selectivity against non-targets was not tested (Table 1), although 
electrokinetic particle manipulation has been extensively explored for last several decades.
One approach to address this challenge is to align all the particles along two-dimensional 
surfaces or one-dimensional lines during flow, which is commonly called “particle focusing.” Several 
particle focusing techniques have been developed in literature. Inertial focusing is a passive technique 
that is generated by particle inertia under a flow field (Park et al. 2009; Cruz et al. 2019); however, 
complicated device structures are needed, and small particles are unlikely to be manipulated by this 
technique (Ren et al. 2016). Acoustic focusing involves surface acoustic waves, showing fast fluidic 
actuation and contact-free particle manipulations (Ai et al. 2013; Ding et al. 2013). DEP focusing 
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incorporates an array of planar or vertical electrodes for applying the DEP forces; however, particle 
losses are unavoidable because many particles attach to the focusing electrodes in case of the pDEP 
(Kim et al. 2015; Liu et al. 2018), and the DEP force is inherently insufficient in regions farther from 
the electrodes (Gadish Voldman 2006). These three focusing techniques are also strongly dependent 
on particle sizes; hence, small particles in the range of submicron sizes are difficult to focus (Ding et 
al. 2013; Cruz et al. 2019). More importantly, none of these focusing technologies can align all the 
particles close to the detection area without losses to the channel surfaces, which is critical for 
development of a biosensor involving pDEP to capture flowing particles. 
Herein, a microfluidic FET immunosensor was presented equipped with electrohydrodynamic 
(EHD) focusing and DEP concentration for continuous and label-free electrical detection of 
Staphylococcus aureus in a 0.01× phosphate buffered saline (PBS) solution. Many flow-type DEP-
mediated biosensors have involved impedance measurements with electron transfer through the media 
(Yang Bashir 2008; Paez-Aviles et al. 2016) or pearl chain conductance of bacteria between the 
electrodes (Suehiro et al. 2003) (Table 1). It has been suggested that FET-based sensors adopting 
silicon nanowires and CNTs are integrated with a microfluidic platform in order to enhance sensitivity 
and to achieve automated and multiplexed analytical systems (Syedmoradi et al. 2019); however, no 
studies in which particle focusing was implemented with FET-based biosensors under a pressure-
driven flow have been reported on. 
EHD focusing uses a combination of AC EO and negative DEP (nDEP) rather than pDEP to 
align flowing particles along one-dimensional lines close to the bottom surface, and Ren et al. (2016) 
demonstrated EHD focusing for the first time using two electrical-bias-free electrodes at a fixed AC 
frequency (200 Hz) for 4-μm-diameter silica beads. The operation condition in their study was very 
limited; both AC EO and nDEP were required to occur at the same frequency. In the present study, 
superimposed signals having two AC frequency components, lower (AC EO with weak pDEP) and 
higher (dominant nDEP), were implemented without electrical-bias-free electrodes to align incoming 
380-nm-diameter polystyrene beads and label-free Staphylococcus aureus along one-dimensional 
lines close to the bottom surface to facilitate pDEP capture downstream. Polystyrene beads were used 
to demonstrate the enhanced electrokinetic characteristics of the present microfluidic device, as they 
are widely used in quantitative evaluation of DEP systems with their regular spherical shapes and 
homogeneities compared to actual biological particles (Chen et al. 2019).
The bacteria aligned using EHD focusing were further concentrated downstream using pDEP 
forces and quantified with a carbon-nanotubes-based FET immunosensor (Fig. 4-3a). This FET sensor 
consists of two embedded concentration electrodes, two detection (source and drain) electrodes 
connected to an array of antibody-functionalized and aligned single-walled carbon nanotubes 
(SWCNTs), and a dielectric layer (Si3N4) to separate these two pairs of electrodes vertically (Sharma 
et al. 2016). The relative electrical conductance change (RCC) between the detection electrodes 
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owing to the bacteria concentrated on the SWCNTs was continuously measured. A 0.01× PBS 
solution was used as the medium, with electrical properties similar to drinking or tap water. The 
selectivity of the sensor platform was tested against Bacillus subtilis, Escherichia coli C3000, and 
Staphylococcus epidermidis along with its sensitivity. The selectivity was also investigated by DEP-
capturing S. aureus (target) and E. coli C3000 (non-target) on the S. aureus antibody-coated SWCNTs 
under flows without EHD focusing and then by flushing, which has not been clearly reported until 
now.
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Chapter 2. Development of Microelectrode Discretization (MED) Method 
to Maximize the DEP capture
(Note: This chapter is partially or totally adapted from the published journal paper of myself, Han et 
al. 2019.)
2.1 Theory
Figure 2-1. Schematic diagram of a microfluidic device having planar electrodes, such as interdigitated 
electrodes (IDEs), with electrical boundary conditions. 
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Figure 2-2. (a) Electrode pattern (Example 1) having two line-shaped electrodes and its electric field 
formation. (b) Electrode pattern (Example 2) having quadrant planar electrodes. (c) Plots of    and    
with respect to   (   is 1 V) of Example 1 and (d) Example 2 for different values of d and h. (e) Plots 
of    and    with respect to   for the nine different patterns (including the patterns of example 1 and 2; 
  is 20 μm) for different values of h.
A polarizable particle suspended in a liquid under both a non-uniform AC electric field and flow 
field experiences drag force, gravity, buoyancy, DEP force, etc. The time-averaged DEP force exerted 











∗ is the Clausius–Mossotti (CM) factor for the particle and the media, where   
∗ and   
∗ are
complex permittivities of the particle and the media, respectively;   [   ( )] is the real part of the 
CM factor;   is the angular frequency (rad/s) of the applied AC signals; and      is the root-mean-
squared electric field intensity. For bacteria, more accurate dielectric modeling is needed for the 
calculation of the CM factor as their cytoplasm is surrounded by a membrane and wall (Asami et al.
1980; Park et al. 2011).
IDEs are usually located on the bottom surface (  = 0) of a microfluidic channel with a 
rectangular cross-section (Fig. 2-1). Assuming a homogeneous electrolyte concentration (Green et al.
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2001; Ren et al. 2015), the governing equation for the electric potential is reduced to the Laplace 
equation,     = 0, where   is the electric potential. A far-field Neumann condition of
  
  
= 0 is 
applied at the inlet and outlet planes,   = 0 and   =   (Oh et al. 2009). The normal currents are 













where   is electrical conductivity and   is electrical permittivity, leading to the Neumann conditions of 
  
  
= 0 on the three interfacial planes. The bottom surface of the channel is subjected to an applied 
electric field, which is given by  ( ,  ,   = 0) =  ( ,  )|   . The solution set can be obtained by using 
the method of separation of variables with the five Neumann boundary conditions and can be given by























and the coefficient   ,  can be determined by the electric field condition applied on the bottom surface.
The negative z-directional component of the DEP force is directly related with the 
dielectrophoretic capture onto the electrodes, and the partial derivative of the squared magnitude of 










   = 2    ,  + 2    ,  + 2    , , (5)
where the electric field intensity is defined as
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According to Eq. 7, the magnitude of the z-direction component of the DEP force decreases
exponentially with z, and is equal to zero on the top wall (  = ℎ), when the planar electrodes are 
implemented within the microchannel.












    , can offer a simple measure of DEP particle capture onto the 
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electrodes; hence comparisons of the potential planar electrode patterns for a given flow field, particle,













= −  −    +    +    = −(  +    −   ), (9)
where
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The integral sums of these three factors over the surface can be given by











     (V2), and (15)

















     is simplified into −(  +    −   ), and maximizing S and S1, 
and minimizing S2 would maximize the volumetric downward DEP force through the channel.
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Figure 2-3. Flowchart of the MED process. 
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Figure 2-4. Numerically and analytically calculated electric potential distributions of Fig. 2-2a at   =







       under the truncated number of   from 0 to  .
Table 2-1. Calculated    with   for Fig. 2-2a and Fig. 2-4 (   = 1 V,   = 20 µm).
     12 -1.02E-21 25 1.44E-12 38 5.82E-30
0 5.92E-17 13 2.85E-07 26 -6.35E-27 39 -7.48E-19
1 0.801729 14 2.30E-21 27 -1.04E-13 40 1.22E-30
2 -6.37E-18 15 -2.14E-08 28 -8.94E-28 41 -1.17E-19
3 -0.02298 16 -8.75E-23 29 -1.32E-14 42 -3.84E-32
4 2.52E-17 17 -1.88E-09 30 2.38E-28 43 3.25E-20
5 -0.00055 18 -5.78E-24 31 3.81E-15 44 5.51E-33
6 -3.31E-18 19 5.92E-10 32 1.26E-28 45 -2.25E-21
15
7 0.000196 20 2.32E-24 33 -2.69E-16 46 3.26E-33
8 5.70E-19 21 -4.39E-11 34 1.12E-28 47 -3.89E-22
9 -1.38E-05 22 8.33E-25 35 -3.83E-17 48 7.37E-34
10 -1.08E-20 23 -4.78E-12 36 9.01E-29 49 1.16E-22
11 -8.58E-07 24 3.83E-27 37 1.08E-17 50 2.59E-35
Figure 2-5. Finite difference equations for electric potential on a planar electrode can be derived for 
several representative cases: (a) The electric potential    is equal to the average of the electric 
potentials of the four neighboring points, (b) One of the neighboring points is on the boundary of the 
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electrically-biased surface, (c) The electric potential    is inside the electrically-biased surface, and 
(d) Some of the neighboring points are on the electrically insulated boundaries.
These three factors were investigated in several examples. The first example involved two line-
shaped coplanar electrodes separated by a gap of d, and the electric potentials    and −   indicated by 
red and blue colors, respectively, were applied to the electrodes (Fig. 2-2a). Owing to the symmetry of 
the electrodes,    = 0. The electric potential distribution was solved analytically by modifying the 
previously reported mathematical derivation for the mixed (Dirichlet and Neumann) boundary 
conditions (Song Bennett 2008), with the convergence of the series solution confirmed (Fig. 2-4, Table 
2-1). The second example involved planar quadrant electrodes (Fig. 2-2b). In these two examples, 
numerical solutions were used to calculate S, S1, and S2 with several electrode gaps (Fig. 2-2c and 2-
2d). At small values of the gap (d) compared to the channel height (h), S and S1 were much larger than 
S2 , and as the ratio (d/h) increased, S and S1 became closer to S2 (Figs. 2-2c and 2-2d); however, the 
gap is usually made small compared to the channel height for high DEP forces. It was observed that S1 
was positive and linearly proportional to S, and S2 was small compared to S1. These factors were further 
numerically investigated using COMSOL for nine different electrode patterns, fixing the gap   to 20 
µm (Fig. 2-2e). These nine patterns can show possible electric fields around the electrode edges 
generated by many different electrode shapes. The factors S1 and S2 were also linearly proportional to 
S, and S2 was comparatively small. 
The observations from the examples show that maximizing the value of S will lead to the
electrode pattern that can generate the largest downward DEP force along the volumetric domain
according to Eq. (9); hence, relative comparisons between potential electrode patterns for given particles, 
media, and flow fields can be performed. This method requires only the 2D computation of electric 
fields on the electrode surface, which would be simpler and faster than the 3D computation through the 
volumetric domain.
The second-order central difference scheme was then used to determine the electric fields on 







According to the second-order central difference scheme, the second order partial derivatives can be 


















where   is a grid index,    is the electric potential at grid  ,   is the distance between the neighboring 
grids, and   is the number of grid columns. The resulting Laplace equation can be given by 
     +      − 4   +      +      = 0. (20)
If one of the neighboring grids has a fixed electric potential as shown in Fig. 2-5b, where      =   
is a fixed electric potential, Eq. 21 is shown as
     − 4   +      +      = −  . (21)
If grid i and the neighboring grids are biased to the same fixed electric potential, the electric potential 
at the grid   is simply    =    (Fig. 2-5c). When the grid   is on an electrically insulated surface, 
     =      (Fig. 2-5d) and Eq. 22 is given by
     − 4   +      + 2     = 0. (22)
Finite difference equations for electric potentials at all grid points can be obtained in the same manner 
and solved using MATLAB.
The distributions of electric potential on the bottom surfaces,    , were obtained with various 
boundary conditions (Fig. 2-5), where   is the grid index. The factor   ( ,  ) can be expressed as


















where the grid   is surrounded by four neighboring grids, top (  −  ), left (  − 1), right (  + 1), and 
bottom (  +  );   is the number of grid columns; and   is the distance between the neighboring grids.
(Fig. 2-5). The factor S for the entire bottom surface is expressed as
  = ∑       =  
  ∑     (V
2), (26)
where    is an area of the cell occupied by the grid  . The electrode pattern showing the greatest value 
of S can be considered the MED-optimized electrode. 
Figure 2-3 shows the algorithm of the MED method and its application to the two simple IDEs 
(Fig. 2-2a). IDEs are commonly used in many microfluidic systems and were compared with the MED-
optimized electrode pattern, with keeping the working volumes, where electric fields are biased on the 
bottom surfaces, identical for both the electrode patterns. After the domain is set, it is first discretized
into equally sized electrode cells (E-cells) and gaps, and each E-cell is filled with either a red (+1 V) or
blue (−1 V) color. Consequently, many different electrode patterns can be generated by connecting 
adjacent E-cells having the same colors horizontally and vertically, and excluding the patterns with 
isolated E-cells from the external contact pads. To identify isolated E-cells, a point is located at an E-
cell and is moved to an adjacent cell having the same color as the original E-cell. The point is then 
moved to another adjacent same-colored E-cell without coming back to the previous E-cell. If the point 
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cannot reach the outer surface by repeating this procedure, the original E-cell is determined to be 
isolated. The factor S is then calculated for each of the new patterns. Figure 2-2e shows all the possible 
electrode patterns using the MED method for these two IDEs. Pattern 9 showed the largest value of S, 
which increased to 24.0 V2 from 16.5 V2 (Fig. 2-3). In other words, the new electrode pattern shows
enhanced downward DEP forces under the same applied electric potentials compared with the original 
IDEs. 
2.2. Materials and Methods
2.2.1 Materials
The following materials were purchased from commercial sources: a negative tone photoresist 
(SU-8 2015) and its developer (SU-8 developer) from MicroChem Corp. (USA); polydimethylsiloxane 
(PDMS; Sylgard® 184) from Dow Corning Corp. (USA); Tygon® microbore tubing (T23-181-471; 
inner diam.: 0.01 in.) from Saint-Gobain (France); a syringe (10 ml) and its needle (26G; 0.5 in. length) 
from Korea vaccine (Kovax; Korea); trichloro(1H,1H,2H,2H-perfluoro-octyl)silane (97% purity; 
448931) and 4’,6-diamidino-2-phenylindole (DAPI; D9564) reagents from Sigma-Aldrich (USA); 
Escherichia coli K-12 (ATCC® 25404™) from PLS (Korea); Luria–Bertani broth (LB broth; 244620) 
from Becton, Dickinson and Company (USA); and red fluorescent polystyrene beads (Fluoro-Max 
R0100; diameter: 1 μm) and phosphate buffered saline (PBS; Gibco™ 10010023; 1×, pH 7.4) from 




Figure 2-6. Real parts of the Clausius-Mossotti (CM) factors for E. coli and 1-µm-diameter 
polystyrene beads, suspended in 0.01× PBS buffer (199 µS/cm).
The MED algorithms were run using a commercial software, MATLAB R2018a.   [   ( )]
values were analyzed with respect to the AC frequency for E. coli and 1-µm-diameter polystyrene
beads suspended in 0.01× PBS buffer using the same software to determine the optimal conditions for 
the selective capture of the bacteria from a bacteria-bead mixture (Fig. 2-6). A commercial software, 
COMSOL Multiphysics® 4.3, was also used to calculate the volumetric flow fields, electric fields, 
and particle trajectories for all the devices having IDEs and MED-optimized electrodes. A 720 µm 
long (x-), 90 µm wide (y-), and 18 µm high (z-) microchannel with different electrode patterns on the 
bottom surface was designed. Flow and electrostatics modules were used, and the obtained flow fields 
and electric potential distributions were used in the particle tracing module.
For steady incompressible laminar flow calculation, the governing equations were   ∙   = 0
and     ∙     =   ∙  −   +       +     
 
  , where   is the flow velocity vector,   is static 
pressure,   is the density, and   is the dynamic viscosity of a fluid. Fully-developed velocity inflow 
and zero pressure were set at the inlet and outlet, respectively, and the other walls were set to no-slip 
boundary conditions (  = 0). Newton-Raphson algorithms were employed to solve the nonlinear 
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static finite element problems, with an iterative solver being the generalized minimum residual 
method for the linear systems having non-symmetric matrices in each step, and hence   and   fields 
were obtained along the volumetric domain.
Laplace equation,     = 0, was solved to find the electric field potentials, and as for the 
boundary conditions, external electrical sinusoidal signals were biased to the planar electrodes with 
180o out of phases (red and blue electrodes from the MED process), and for the quasi-static electric 














where      is the rms-valued electric potential,   is the period of the sinusoidal signal,    is an 
arbitrary time,     is the peak-to-peak electric potential of the signal,   is the angular frequency of the 
signal, and   is the time. All boundaries except for the electrodes were applied by zero charge 
(Neumann boundary conditions), and     /2 and −    /2 were given on the red and blue electrodes, 
respectively (Dirichlet boundary conditions) (Green et al. 2001; Oh et al. 2009). Conjugate gradient 
method was used as an iterative solver to solve the linear static finite element problems having 
symmetric matrices for the   along the entire domain. Electric field vector fields were obtained by 
  = −  .
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where    is the particle mass,    is the position vector of the particle,    is the particle diameter,   
is the particle density,   is the gravity vector,    is the electrical permittivity of media,   ( ) is the 
real part of the CM factor. Here, the bacteria were assumed to be 1-µm-diameter spheres, with    of 
1160 kg/m3 (Godin et al. 2007) and   ( ) of 0.93666 (Fig. 2-6). The predetermined   and   were 
used for the particle tracing, and a transient implicit solver generalized alpha was used with 
automatically chosen time steps. A total of 352 (44×8) particles were equally distributed at the inlet, 
and their trajectories were analyzed (Fig. 2-11).
To verify the solution convergence, mesh sizes were varied, and the velocity profile, 
 ∂   
 
∂z   , and final z-directional positions were checked for flow, electrostatics, and particles 
tracing, respectively. Also, the element order (4, 10, 20, 35 nodes per each tetrahedral element for 1st, 
2nd, 3rd, and 4th order elements, respectively) was tested for flow and electrostatic simulations, and 
time step was controlled to acquire converged particle trajectories. The determined numerical 
conditions for the converged solutions were listed in Table 2-2. 
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2.2.3 Preparation of Bacteria-Bead Mixture with Fluorescence Labeling
For the DEP capture experiments in the two types (IDE and MED) of microfluidic channels, 
the bacteria and beads solutions were prepared separately, and then mixed. For the bacteria, 10 μl of E. 
coli K-12 stock was added to 10 ml of LB broth solution, and the bacteria were grown at 37 °C and 160 
rpm in a shaking incubator for 12 h. The solution was then diluted 10 fold in fresh LB broth, and the
optical density at 600 nm of the diluted solution was measured as 0.246, corresponding to a bacteria 
number density of 2.46×108 #/ml (Ausubel et al. 2003) The solution was centrifuged at 4000 rpm for 
10 min to remove the residual LB broth, and the bacteria were re-suspended in DI water and incubated 
in DAPI (5 μg/ml) with blocking light for 1 h at 4 °C to distinguish them from the red fluorescent beads
(Han et al. 2018). The labeled bacteria were centrifuged again and re-suspended in 0.01× PBS buffer.
They were serially diluted to reach the bacteria number density of 1×107/ml. Red fluorescent 
polystyrene beads with a diameter of 1 μm were also suspended in 0.01× PBS buffer with a number 
density of 1×107/ml, and this bead solution was then mixed with the bacteria solution. The electrical 
conductivity of the mixture was measured using a conductivity meter (handylab pH/LF 12; SI Analytics 
GmbH, Germany), and it was 199 μS/cm at 23.1 °C.
2.2.4 Device Microfabrication and Experimental Setup
All IDE and MED-based microfluidic channels were microfabricated on glass chips. First, a
100 nm thick indium tin oxide (ITO) film was deposited on a glass substrate (wafer with a diameter of 
6²) using radio-frequency sputtering, and annealed for 1 h at 400 °C in a furnace to enhance its
transparency and reduce its electrical resistance. The ITO electrodes were then made by using 
conventional photolithography and inductively coupled plasma reactive-ion etching, and treated with
oxygen plasma to remove the residual photoresists. The wafer was finally diced into chips (3.5 × 2.5 
cm2).
To fabricate the PDMS microchannel by replica molding, master molds were patterned on a 
silicon substrate (wafer with a diameter of 6²). SU-8 2015 was spin-coated at 2000 rpm, and the 
microchannel molds were patterned using conventional photolithography, with the channel mold having 
a width (y-) of 90.8 (±0.1) μm and a height (z-) of 18.0 (±0.3) μm. The fabricated master molds were
silanized for 1 h in an evacuated chamber to aid the release of the microchannel from the mold, and
then a PDMS mixture was poured onto the molds and cured at 70 °C for 2 h in an oven. The PDMS 
microchannel was peeled and cut off, with holes of 1 mm diameter made on its inlet and outlet reservoirs, 
and bonded with the prepared glass-electrodes chip by aligning the channel and electrodes manually 
with a microscope.
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A 10 ml syringe containing the prepared bacteria-bead mixture was connected to the inlet 
reservoir of the device through the epoxied tubing, and controlled by a syringe pump (Harvard Pump 
11 Elite, 70-4505INT; Harvard Apparatus, USA) with infusing flow rates from 100 to 400 nl/min
corresponding average flow velocities of 1.02 (±0.02) to 4.08 (±0.07) mm/s, respectively. Electrical 
wires were epoxy-bonded to the contact pads of the electrodes and electrically biased by external AC 
voltages using a two-channel arbitrary function generator (AFG3022C; Tektronix, USA). The electrical 
potential was varied from 1 to 4 Vpp at a fixed optimal frequency of 2 MHz, which resulted in
  [   ( )] values of 0.94 and -0.17 for the bacterial capture and bead levitation from electrodes, 
respectively (Fig. 2-6). These two sinusoidal AC signals had the same amplitudes and frequencies with 
180° out of phase. The signals were monitored with a digital oscilloscope (DPO3014; Tektronix, USA).
A cooled interline transfer charge-coupled device camera (ORCA-R2; Hamamatsu, Japan) 
connected to an inverted fluorescent microscope (Eclipse Ti-U; Nikon, Japan) was used to take images
with an exposure time of 100 and 40 ms for bacteria and beads, respectively. The number of captured 
particles (bacteria or beads) were measured by dividing the total area occupied by the particles by that 
occupied by a single particle area in the fluorescence images (Han et al. 2018; Yang et al. 2006).
2.2.5 Statistical Analysis
Each experiment in this study was conducted at least six and three times for the bacteria and 
beads, respectively. Statistical analysis was performed using one-way analysis of variance (ANOVA) 
followed by the Tukey post hoc test. Significantly different data (p < 0.05, 0.01, and 0.0001) are 
designated with asterisks (*, **, and ***, respectively).
2.3. Results and Discussion
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Figure 2-7. MED-optimized electrodes generated from six lines of IDEs having an electrode width of 
20 μm and gaps of (a) 20 μm and (b) 10 μm, with the corresponding      
 
      (V2/m3) at different 
heights (h/4, 2h/4, and 3h/4) in the fabricated microfluidic channel having a channel height (h) of 18 
μm. 
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Figure 2-8. MED process for 6 lines of IDEs. (a) case 1. (b) case 2.
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The MED method was applied to two arrays of IDEs consisting of six IDEs with a width of 20 
µm and a length of 90 µm. These two arrays of IDEs involved gaps of 20 µm and 10 µm between 
adjacent electrodes, and the minimal geometric feature size was chosen as 10 µm to allow for simple 
and inexpensive mask manufacturing for photolithography (Rosenthal Voldman 2005). Six IDEs having 
a gap of 20 µm (Case 1; S = 83.1 V2) were discretized into 30 equally-sized E-cells (20 µm × 10 µm), 
and all the possible combinations of the electrodes were tested to determine which one showed the 
greatest S (Fig. 2-8a). The factor S value of the MED-optimized electrodes (MED-optimized electrodes) 
was increased to 236.7 from 83.1 (V2) under 855 grids, and both the IDEs and MED-optimized 
electrodes occupied the same working area of 220 × 90 µm2. Another array of six IDEs having a gap of 
10 µm (Case 2; S = 142.5 V2) were also discretized into 30 E-cells (20 µm × 10 µm) under the same 
grid conditions as in case 1 (Fig. 2-8b), and a new MED-optimized electrode pattern (S = 207.5 V2) was 
found. Both the IDEs and MED-optimized electrodes occupied the same working area of 170 × 90 µm2
in case 2. 
Table 2-2. Numerical conditions for the converged solutions.




Element Order 2nd (velocity), 1st (pressure) 4th (electric potential)
Time Step - - 6.13e-7 to 1 s
Solving Time 2 min 37 sec 20 min 28 sec 11 hr 39 min 50 sec
RAM Usage 3.35 GB 39.46 GB 15.89 GB
An electrostatics simulation was conducted using COMSOL to calculate ∂   
 
∂z  for the 
volumetric rectangular domain (540 × 90 × 18 µm3) containing each of the four different electrode 
patterns (IDEs and MED-optimized electrodes in cases 1 and 2) on the bottom surface (Fig. 2-7). The 
MED-optimized electrodes showed higher downward DEP forces more widely. The corresponding 










     was also calculated for each of the patterns. The calculated values were
changed from the IDEs to the MED-optimized electrodes (from -133.7 to -511.8 (V2) for case 1 and 
from -266.4 to -439.0 (V2) for case 2), showing enhanced DEP forces along the volumetric domain of 
the devices by using the MED method. As the electrode gap of the IDEs was the smaller in case 2, the 
ratio of the factor S value (MED-optimized electrodes / IDEs), that is, the increase in DEP forces by 
using the MED method, was more reduced in case 2 (×1.5) than in case 1 (×2.8).
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Figure 2-9. Bright field images of electrodes and fluorescence images of DEP-concentrated bacteria 
against beads before and after biasing the electrical signal of 2 Vpp at 2 MHz with a flow rate of 400 
nl/min for all the IDEs and MED-optimized electrodes from cases 1 and 2. The rightmost images were 
obtained by subtracting the intensity of the “Before” images from that of the “After” images using 
ImageJ. The white scale bars represent 50 µm.
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Figure 2-9 shows the bright field images of the microfabricated electrodes and the fluorescence 
images of the captured bacteria on the electrodes. Here, all the four patterns, the six lines of IDEs (S = 
83.1, 142.5), and the corresponding MED-optimized electrodes (S = 236.7, 207.5) were duplicated for 
the measurements of large areas. The resulting 12 lines of IDEs and the duplicated MED-optimized 
electrodes showed S values of 182.9 (case 1, IDEs), 313.5 (case 2, IDEs), 491.5 (duplicated MED-
optimized electrodes of case 1), and 437.5 (duplicated MED-optimized electrodes of case 2). Except 
for the electrode patterns on the bottom surfaces, the other conditions (microchannel dimensions, 
applied electrical signals, flow rates, bacteria-bead mixture solutions, etc.) were identical for all 
experiments. Bacteria were captured on the bottom surface by the downward pDEP forces, whereas the 
beads were levitated by upward nDEP forces from the electrodes. Therefore, the purity of the captured
bacteria against the beads, i.e., the separation efficiency,35 was maintained at more than 99.8% for all 
the patterns, demonstrating the selective DEP capture of the bacteria.
Figure 2-10. Number of bacteria captured after 30 s following electric field activation with (a) different 
applied electric potentials with a fixed flow rate of 400 nl/min and (b) different flow rates with a fixed 
applied electric potential of 2 Vpp. The values on the bars of the MED cases indicate the ratio of the 
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bacteria captured by the MED-optimized electrodes to those captured by the IDEs, showing the capture 
enhancement achieved by using the MED-optimized electrodes. (c) Bacterial capture efficiency, the 
ratio of the captured bacteria on the bottom surface to the number of total incoming bacteria, vs. S value. 
(d) Bacterial capture efficiency per the working area vs. S value per the working area. The average 
values are shown with their standard deviations indicated as error bars.
Figure 2-10a shows the bacterial capture efficiency at different applied electric potentials (1, 2, 
and 4 Vpp) at a flow rate of 400 nl/min during the electrical bias time of 30 s for the tested electrode 
patterns (Fig. 2-9). The number of incoming bacteria (500, 1000, 2000) and the flow velocity (1.02, 
2.04, and 4.08 mm/s) increased with increasing flow rates (100, 200, and 400 nl/min, respectively) at 
the specific time intervals, and the efficiency was defined as the number ratio of the captured bacteria 
on the bottom surface to the number of total incoming bacteria. Higher bacterial capture efficiencies
were observed when the applied electric potentials were higher, when the MED-optimized electrodes
were used, or when the electrode patterns had higher values of S. Interestingly, although the MED-
optimized electrode for case 1 showed a 2.7 times higher value of S than the IDEs, the capture efficiency 
of the MED-optimized electrodes was 35.8 times higher than that of the IDEs for an electric potential 
of 1 Vpp, demonstrating the effectiveness of the MED-optimized electrodes. The increase in the 
efficiencies for both the IDEs and MED-optimized electrodes generally decreased with increasing 
electric potential.
Figure 2-10b shows the bacterial capture efficiency at different flow rates (100, 200, and 400 
nl/min) at a constant applied electric potential of 2 Vpp for the same electrode patterns. The MED-
optimized electrodes showed much higher capture efficiencies than the IDEs for all the tested flow rates.
The higher the value of S, the higher the bacteria captured on the electrodes. In fact, the bacterial capture 
efficiency for the MED-optimized electrodes for case 1 reached almost 100% at flow rates from 100 to 
200 nl/min because of the higher electric field gradients of the MED-optimized electrodes, while the 
IDEs of case 1 showed a bacterial capture efficiency of approximately 20%. Moreover, the bacterial 
capture efficiency decreased with increasing flow rate except for 200 nl/min for case 1, in which the 
electric field gradients of the MED-optimized electrode were sufficient to attract all the bacteria.
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Figure 2-11. Particle trajectories for three electrode patterns having S values of 313.5, 236.7, and 207.5 
(V2).
Table 2-3. S values for various electrodes.
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Figure 2-12. The particle tracks for different electrode gaps and flow rates.
It was observed earlier that the bacteria capture generally increased with an increase in S for all 
the electrode patterns considered (eight patterns; six lines of IDEs, 12 lines of IDEs, and every 
corresponding MED-optimized electrode) under the various flow rates and applied electric potentials 
(Fig. 2-10c), which was expected from the derivation of S. Interestingly, the numbers of bacteria 
captured with the 12 lines of IDEs (S = 313.5) were significantly less (p < 0.0015) than or similar (p < 
0.96) to those captured with the unduplicated MED-optimized electrodes of case 1 (S = 236.7) and 2 (S
= 207.5). As the goal of the MED method is to enhance the volumetric downward DEP force by 
considering the electric fields on the electrodes alone, the velocity profiles in the microfluidic channels 
were not considered although they can influence the bacteria capture, as observed in the field-flow 
fractionation techniques (Yang et al. 2000). Therefore, particle trajectories were numerically 
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investigated for the domains having each of these three patterns. In fact, the number of captured particles 
was proportional to S when 352 simulated particles were uniformly distributed on the inlet surface (Fig.
2-11). In other words, particle capture by DEP may increase with the increasing value of S if the 
particles are uniformly distributed on the inlet surfaces. However, particle positions on the cross-
sections may change during the trajectory of the particles through the tubing and channel, and hence 
particle density may not be fully uniform on the cross-sections. 
Furthermore, the DEP force generated by the conventional IDEs are rather periodic (strong-
weak-strong-weak-…) in the streamwise direction (Fig. 4). 2D simulations were conducted on six IDEs 
having 20 μm widths and different gaps ranging from 1 to 15 μm in a 90 μm high microfluidic channel 
using COMSOL (Fig. 2-11). The flow rates changed from 40 to 40000 nl/min, and -1 V and +1 V were 
applied to the electrodes. The number of captured particles increased with the electrode gap for lower 
flow rates and decreased for higher flow rates. This is because the low electric field intensity in the 
larger gaps may be sufficient for particle capture because of low flow rates. Also, larger gap IDEs have 
larger working areas, which means that electric field is applied over large areas, and hence the particles 
under the electric field may have a higher probability to be captured on the electrodes.
Therefore, I also plotted the number of captured particles based on the number density (the 
number of captured particles/working areas), and the particle capture density decreased with the 
electrode gap for all flow rates, as shown below. Interestingly, the electrode with 3 µm gap has higher 
values of S and S/working area, but had lower particle capture density than 12 the electrode with 4 μm 
gap for 40 nl/min (the lowest flow rate case) although the particle capture density increased with the 
increasing values of S and S/working area for other flow rates. Even for the lowest flow rate case, the 
general trend shows that the particle capture density increased with the increasing values of S and 
S/working area.
As a result, particle capture is quite dependent on the positions of the particles on the inlet 
surfaces, and the particles were not captured uniformly on the electrodes (Figs. 5 and 7); hence, the 
number of captured particles may not be linearly proportional to the working area and S for IDEs, and 
care needs to be taken for the direct comparison of S values between two different patterns for 
comparing particle captures (Fig. 2-12). In this case, the area density of S values can be considered 
more appropriate (Fig. 2-10d), and the bacterial capture efficiency per the working area generally 
increased with the area density of S values. 
In contrast to IDEs, as the DEP force of the MED-optimized electrodes appeared to be more 
non-uniform and irregular in the streamwise direction (Fig. 4), particle capture was less sensitive to the 
initial positions of the bacteria at the inlet, and the particles were captured much more uniformly on the 
electrodes (Figs. 5 and 7). This can be considered an advantage of the MED-optimized electrodes, which 
makes them suitable for practical applications.
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2.4. Conclusions
An array of IDEs is one of the most widely used planar electrodes in many DEP-based 
microfluidic devices; however, IDEs often show inefficiencies in DEP particle manipulation owing to
the limited DEP-effective region. Herein, the MED method was presented that can generate planar
electrode patterns with enhanced electric fields by simple electrode discretization and reconstructions. 
a novel objective function was presented as well, factor S, calculated on the electrode surface that 
enables 2D computation of the downward dielectrophoretic forces or ∂   
 
∂z  for the overall 
volumetric domain. The MED-optimized electrodes were determined based on the value of factor S, 
and as the factor S increased, the particle capture increased (Figs. 2-10a and 2-10b). The MED-
optimized electrodes captured 1.4 to 35.8 times more bacteria (p < 0.0016) than the respective IDEs,
with a bacterial purity against the beads of more than 99.8%. In this study, values of factor S were 
computed for the discretized electrodes generated from IDEs for comparison; however, this method can 
be applied to any planar electrodes. I strongly believe that this method has the potential to be used for 
many electrode-based microfluidic devices and sensors (Sharma et al. 2016; Galvan et al. 2018).
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Chapter 3. Signal Superimposition of EO and DEP
(Note: This chapter is partially or totally adapted from the published journal paper of myself, Han et 
al. 2018.)
3.1. Theory
The time-averaged dielectrophoretic force exerted on a particle suspended in a medium of 
electrical permittivity    under a non-uniform electric field is expressed as (Pohl, 1951; Pohl, 1978; 





where    is the radius of the particle,   [   ( )] is the real part of the Clausius-Mossotti (CM) factor 
depending on the angular frequency (rad/s),   , of AC signals, and      is the root-mean-squared 
electric field intensity vector. When the CM factor is not available for a particle suspended in a medium, 
the optimal magnitude and frequency of the dielectrophoretic force can be experimentally determined 
by varying the AC frequency.
Regarding the optimal electroosmosis (EO) conditions, when slip flow is induced on the 
coplanar electrodes due to AC EO, the time-averaged velocity can be expressed as, under an assumption 










where    is the initial potential,   is a non-dimensional frequency,   is the dynamic viscosity,   is the 
position starting from the center of the gap between the two coplanar electrodes,    is the electrical 
conductivity of media, and    is a Debye length. The optimal AC frequency is one that provides the 
highest 〈     〉.
3.2. Materials and Methods
3.2.1. Materials
The following materials were purchased from commercial sources: 4’,6-diamidino-2-
phenylindole (DAPI; D9564), rhodamine B (Rh-B; R6626), dialysis tubing (D0405-100FT; molecular 
weight cut-off: 12400), N-hydroxysuccinimide (NHS; 130672), N-(3-dimethylaminopropyl)-N’-
ethylcarbodiimidehydrochloride (EDC; 03449) from Sigma-Aldrich (USA); polydimethylsiloxane 
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(PDMS; Sylgard® 184) from Dow Corning Corp. (USA); sterile Acrodisc® syringe filters with Supor® 
membrane (4612; pore size: 0.2 μm) from Pall Corporation (USA); phosphate buffered saline (PBS; 
20×, pH 7.4) from Biosesang Inc. (Korea); Luria-Bertani broth (LB broth; 244620) and tryptic soy broth 
(TSB; 211825) from Becton, Dickinson and Company (USA); fluorescent PS beads (Fluoro-Max 
R0100; diameter: 1 μm) from Thermo Scientific (USA); Escherichia coli K-12 (ATCC® 25404™),
Escherichia coli C3000 (ATCC® 15597™), and MS2 bacteriophages (ATCC® 15597-B1™) from PLS 
(Korea); and FITC-linked polyclonal antibody to troponin I type 3, cardiac (TNNI3) (LAA478Mu81) 
from Cloud-Clone Corp. (USA). Distilled water (18.2 MΩ∙cm) was obtained through university-
established water pipelines.
3.2.2. Numerical Analysis
2D simulation was conducted using a commercial software COMSOL Multiphysics® 4.3. A 4 
mm long (x-) and 1.6 mm high (y-) rectangular domain was designed according to the experiments. 
Quasi-static electric potential and laminar flow fields were calculated with the governing equations 
and boundary conditions (Fig. 3-3) (Oh et al. 2009). The net force fields exerted on the particles were 
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where    is the particle mass,    is the position vector of particle,    is the particle diameter,    is 
the particle density, and   is the gravity vector. Here, both bacteria and beads were assumed to be 1-
µm-diameter spheres, with    of 1160 (Godin et al. 2007) and 1050 kg/m
3, respectively, and   ( )
values were considered according to Fig. 3-3a.
For the electrostatics, multifrontal massively parallel sparse direct solver was used to solve the 
linear static finite element problems having symmetric matrices for the   along the entire domain. 
The converged solutions for      
 
  were obtained for 305,460 elements with 3rd-order elements for 
the   (10 nodes per each element). Flow fields were solved using Newton-Raphson algorithms to 
solve the nonlinear static finite element problems, with an iterative solver (generalized minimum 
residual method) for the linear systems having nonsymmetric matrices in each step, and hence   and  
fields were obtained along the domain, where   =     +̂    .̂ Convergence of the flow velocity 
magnitudes was verified at the number of triangular mesh element of 104,217 with 1st-order elements 
for    ,   , and   (3 nodes per each element). 
Particle tracing was conducted using a transient implicit solver (generalized alpha) with 
automatically scaled time step sizes. 1020 particles were equally distributed at rest (
   
  
= 0), and the 
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predetermined   and     
 
were coupled. Numerical convergence of the particle position was verified 
at the number of triangular mesh element of 305,460 with the time step between 2.9e-8 to 0.5 s.
3.2.3. Microfabrication of Chips and Experimental Set-up
Two 100-nm-thick indium tin oxide (ITO) coplanar electrodes were fabricated on a glass wafer 
(6 in. diameter) with 25 μm gaps, using the conventional photolithography and radio-frequency 
sputtering. The ITO electrodes were then annealed for 1 h at 400 ℃ in an oven for transparency and 
electrical resistance reduction. The wafer was diced into chips (1×1 cm2) with two coplanar electrodes 
on each chip, which are shown in the bright field image in Fig. 3-1a. An inverted microscope (Eclipse 
Ti-U; Nikon, Japan) was used to observe the particle motion around the electrodes, maintaining the 
optical focus on the transparent electrode surface. A 30 μl PDMS well was located at the center of the 
chip, and 20 μl of the prepared solution was added into the well. Different electrical signals were then 
applied to the ITO electrodes for either 30 s (for the bacteria–beads) or 1 min (for the viruses and 
proteins).
Two dual-channel arbitrary function generators (AFG3022C; Tektronix, USA) were used to 
generate sinusoidal signals 180° out of phase. Four signals from the two function generators were 
superimposed by a lab-made voltage adder consisting of impedance buffers and frequency mixers, and 
the signals were monitored by an oscilloscope (DS2072A; RIGOL Technologies Inc., USA) (Fig. 3-
1b).
Videos and images of concentrated fluorescent particles were taken by a cooled interline transfer 
charge-coupled device camera (ORCA-R2; Hamamatsu, Japan), and the quantities of particles collected 
in the fixed regions of interests (RoI; 120×360 pixels) between the two ITO electrodes were measured 
using ImageJ. The numbers of particles in the RoI were determined by dividing the total particle area 
by the single particle area for the bacteria and beads (Yang et al.  2006) and by measuring the integrated 
intensities for the viruses and proteins (Madiyar et al. 2013; Liao Chou 2012). The exposure times for 
fluorescence imaging and video recordings were 100 ms, 40 ms, 500 ms, and 2 s for the bacteria, beads, 
viruses, and proteins, respectively, and the videos were recorded using the maximal frame per second 
setting for each experiment.
3.2.4. Preparation of Biological Particle Solutions with Fluorescence Labeling 
Three types of biological particle solutions, bacteria–bead mixtures, viruses, and proteins, were 
prepared. For the bacteria, 10 μl of E. coli K-12 stock was added to 10 ml of LB broth solution, and the 
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bacteria were grown at 37 ℃ and 160 rpm in a shaking incubator for 12 h. They were centrifuged at 
4000 rpm for 10 min to remove the residual LB broth. The remaining sunk bacteria were suspended in 
DI water for DAPI labeling (excitation/emission: 360/460 nm) to distinguish them from the red 
fluorescent beads. The labeled bacteria were then centrifuged and re-suspended in 0.01× PBS (Lapizco-
Encinas 2004). The bacterial number concentration was determined by performing optical density 
measurements at 600 nm (Ausubel et al.  2003), and the final bacteria concentration was 1×107 #/ml. 
Red fluorescent (excitation/emission: 542/612 nm) PS beads 1 μm in diameter were suspended in 0.01× 
PBS buffer with a number density of 1×107 #/ml, and the bacteria and bead solutions were mixed.
For the virus experiments, freeze-dried MS2 phages were dissolved in 1× PBS to obtain a viral 
mass concentration of 1 mg/ml. Then, 0.5 ml of the MS2 solution was added to 10 ml of E. coli C3000, 
the host bacterium for MS2 bacteriophages, and incubated at 37 ℃ and 160 rpm for 5 h. The mixture 
was then centrifuged at 3000 rpm for 10 min to remove the bacteria, and the MS2-laden supernatant 
was filtered using a membrane filter. The prepared MS2 stock was then labeled with red fluorescence 
dye Rh-B (excitation/emission: 562/583 nm in water) by coupling EDC and NHS, and the stock and 
dye were mixed and purified in a dialysis membrane for 1 week to remove the unbound dye (Gitis et al.
2002). The concentration of the labeled virus stock solution was approximately 107 plaque forming 
units (pfu)/ml, which was verified by a plaque assay, and the solution was 10,000-fold diluted in DI 
water. For the protein experiments, FITC-labelled cTnI-Ab was used (excitation/emission: 495/525 nm), 
and its stock solution was 400-fold diluted in DI water for a mass concentration of 500 ng/ml. The 
media conductivities of all three test solutions were measured using a conductivity meter (handylab 
pH/LF 12; SI Analytics GmbH, Germany) (Table 3-2).
3.2.5. Statistical Analysis
Table 3-1. Obtained p-values from the statistical analyses.
p-value
Bacteria Viruses Proteins
Overall ANOVA 3.33E-12 1.39E-04 1.11E-04
Means Comparisons (Tukey 
post hoc test)
AC EO vs. Positive Control 0.99867 0.03941 0.9863
AC DEP vs. Positive Control 0.0337 6.96E-04 0.13508
AC DEP vs. AC EO 0.02982 0.23652 0.23767
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AC EO+DEP vs. Positive 
Control
0 2.92E-05 2.01E-04
AC EO+DEP vs. AC EO 0 0.0043 3.29E-04
AC EO+DEP vs. AC DEP 0 0.03402 0.00238
Each experiment in this study was performed at least three times. The average values are 
shown in the figures with their standard deviations indicated as error bars. Statistical analysis was 
performed using one-way analysis of variance (ANOVA) followed by the Tukey post hoc test (Table 
S-1). Significantly different results (p < 0.05, 0.01, and 0.0001) are designated with asterisks (*, **, 
and ***, respectively).
3.4. Results and Discussion
Figure 3-1. (a) Schematic of the experimental setup. (b) Superimposed signals: 1.2 Vpp (peak-to-peak), 
1633 Hz signal for EO, and 5 Vpp, 2 MHz signal for DEP. Lower frequency (top) and higher frequency 
(bottom) components of the superimposed signals are shown.
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Figure 3-2. Experimentally investigated DEP capture behavior with an applied electrical potential of 
10 Vpp for (a) MS2 viruses in DI water (4 μS/cm) and (b) cTnI-Ab in DI water (16 μS/cm), where the 
dashed and dotted horizontal lines indicate positive and negative control values, respectively. 
Experimentally investigated capture behaviors of (c) MS2 viruses, and (d) cTnI-Ab, when varying the 
EO frequencies of the superimposed signals with the previously determined DEP signals and fixing the 
EO electrical potential to 2 Vpp. The dashed and dotted horizontal lines indicate positive and negative 
control values, respectively.
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Figure 3-3. (a) Calculated real parts of the Clausius–Mossotti factors for Escherichia coli K-12 and 
1-μm-diam. polystyrene beads, suspended in 0.01× phosphate buffered saline (PBS) (184 μS/cm). (b) 
Calculated slip velocity magnitude at the electrode tip in 0.01× PBS buffer with an applied electrical 
potential of 1.2 Vpp.
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Table 3-2. Experimental properties and parameters of the particles and media used in this study
Bacteria-bead mixture Virus solution Protein solution
Particle
E. coli K-12 (~0.5 μm









(measured at 22.9 ℃, 
μS/cm)
184 4 16
Debye length [60] 7.61 nm (0.01x PBS) - -
AC frequency (EO) 1633 Hz 1000 Hz 500 Hz
AC electrical 
potential (EO)
1.2 Vpp 2 Vpp 2 Vpp
AC frequency (DEP) 2 MHz 100 kHz 10 kHz
AC electrical 
potential (DEP)
5 Vpp 10 Vpp 10 Vpp
First, the AC electrical potentials and frequencies for DEP and EO of the particles were 
determined. To determine these values for the optimal DEP-capture of the bacteria against the beads, 
the real parts of the Clausius–Mossotti (CM) factors for the bacteria and beads were plotted with respect 
to the AC frequency (Park et al. 2011) (Fig. 3-3a). The optimal EO frequency for 0.01× phosphate 
buffered saline (PBS) was also determined by measuring its electrical conductivity and by using the 
reported Debye length (Ramos et al. 1999) (Fig. 3-3b). For MS2 viruses and cTnI-Ab, no models on 
their dielectrophoretic responses have been reported on, as would be necessary to determine their CM 
factors; therefore, their DEP characteristics were experimentally investigated by varying the AC 
frequency from 8 kHz to 1 MHz for cTnI-Ab and from 10 kHz to 10 MHz for the MS2 viruses, and the 
frequency providing maximal capture was selected as the optimal DEP frequency (Madiyar et al. 2013; 
Hölzel et al. 2005) (Figs. 3-2a and 3-2b). As the Debye lengths for the salty stock solutions of the MS2 
viruses and cTnI-Ab were not available, the optimal EO frequencies for the media were also 
experimentally determined by varying the EO frequencies of the superimposed signals, fixing the 
previously determined DEP signals [10 Vpp (peak-to-peak)], and finding the intermediate frequencies 
inducing maximal capture with low electric potentials (2 Vpp) (Gong 2010) (Figs. 3-2c and 3-2d). Here, 
sharp changes in the fluorescence intensities owing to captured viruses and proteins were observed over 
narrow and low frequency ranges (500 to 2000 Hz and 300 to 800 Hz for viruses and proteins, 
respectively), which is typical of EO spectra rather than DEP as DEP behavior generally changes with 
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wider frequency ranges (Morgan et al. 1997; Camacho-Alanis Ros 2015). Table 3-2 shows the obtained 
AC electrical potentials and frequencies for the particles and media. 
The used cTnI-Ab had a weak fluorescence due to their small size (30 kDa), so camera exposure 
time was determined to be 2 s to enhance the fluorescence images. Exposure time of 1–9 s were reported 
for other proteins (Zhou et al. 2011; Williams et al. 2013) to enhance the measured signal. Moreover, 
the protein concentration was kept to 500 ng/ml, under which fluorescence images were not clear, and 
few clumps of the protein were unavoidable in the solution. The vortex flows of the clumps were 
occasionally observed near the electrodes when using the lower frequency (EO) and superimposed 
(EO+DEP), but those were not observed when using the higher frequency (DEP).
AC electrothermal (ET) flows can also be considered an alternative to AC EO flows; however, 
they are commonly induced by Joule heating through salty media or by heating the substrate. AC ET 
flow is usually dominant at high frequencies (on the order of MHz) or high electrical conductivities 
(>1000 μS/cm), especially if the applied electric potential is high (Park et al. 2009; Castellanos et al.
2003; Oh et al. 2009). In the present study, AC ET flow was negligible because low conductivity media 
were used with relatively low electric potentials and no heat sources. In fact, the maximum measured 
ET flow velocity owing to Joule heating was reported to be ~7 μm/s under the applied electric potentials 
of 10 Vpp (at 200 kHz) and electrical conductivity of 10000 μS/cm on 60 μm gap coplanar electrodes 
(Feldman et al. 2007), which was considerably smaller than the measured flow velocities (~107 μm/s 
and ~135 μm/s for the bacteria and beads respectively) around the facing electrode edges due to AC EO 
in the present study. These flow velocities were calculated by measuring the moving distances of the 
particles around the facing electrode edges during time intervals between two frames of the recorded 
videos. Furthermore, positive DEP (pDEP) with low conductivity media is stronger and easier to use 
for particle trapping than negative DEP (nDEP) with high conductivity media (Voldman 2006). 
However, it should also be noted that most of biological functionalities are not designed for low 
conductivity media, and pDEP and EO tend to drop in high conductivity media (Voldman 2006); hence 
pDEP and EO can be limited for certain biological applications.
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Figure 3-4. Fluorescence images of the concentrated particles after biasing different electrical signals 
for 30 s (Escherichia coli K-12 and polystyrene beads) and 1 min (MS2 viruses and cTnI-Ab). Different 
types of electrical signals include no signal (positive control), low frequency signals for EO (1.2 Vpp, 
1633 Hz for bacteria-bead; 2 Vpp, 1000 Hz for MS2 virus; 2 Vpp, 500 Hz for cTnI-Ab), high frequency 
signals for DEP (5 Vpp, 2 MHz for bacteria-bead; 10 Vpp, 100 kHz for MS2 virus; 10 Vpp, 10 kHz for 
cTnI-Ab), and superimposed signals for EO+DEP. The white scale bars represent 50 μm, and the white 
dashed lines indicate the top and bottom edges of the rectangular RoIs.
Using the obtained DEP and EO conditions, electrokinetic concentration experiments were 
conducted for the prepared biological particle solutions with single sinusoidal signals (either DEP or 
EO) and superimposed signals (DEP+EO). Figure 3-4 shows fluorescence images of the particles 
concentrated using different treatments. The superimposed signals concentrated Escherichia coli K-12, 
MS2 viruses, and cTnI-Ab more effectively than the single treatments, as demonstrated by the shiny 
lines on the facing edges of the electrodes. Regarding the bead experiments, nDEP occurred at the tested 
frequency, so the beads were not captured in the region of interest (RoI). We also observed noticeable 
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particle movement under the superimposed signals in the videos, which was not observed under DEP 
bias only. 
Figure 3-5a shows the numbers of E. coli K-12 collected within the RoI over time for different 
electrical signals. More of the bacteria were captured using the superimposed signals than any of the 
single electrical signals. In fact, the numbers of E. coli K-12 captured by EO and DEP alone are 0.4% 
and 9.1%, respectively, of the number collected in the superimposed signal case at 30 s. This result 
can be ascribed to the fact that DEP is usually effective for the particles close to the electrode surface, 
and EO flow can drag particles over the electrode toward the region between the electrodes without 
capturing most of them. The bacterial capture with EO alone in this study was not significantly 
different from that with no signal treatment (p = 0.999), whereas the bacterial capture with DEP alone 
was significantly different from that with no signal treatment (p = 0.034). By contrast, the bacterial 
capture with the superimposed signals was significantly larger than those with the other two electrical 
treatments. The superimposed signals provided the advantages of both DEP and EO, first moving 
distant particles toward the region between the electrodes with EO flow, and then capturing the 
moved particles at a particular position, where the largest electric field occurs, against the flow with 
pDEP. This superimposition can be employed to enhance the sensor sensitivity and reduce the 
detection time when used with biosensors (Sharma et al. 2016). In fact, the amount of DEP-assisted 
attachment of cTnI (cardiac troponin I) after 1 min was less than that due to sedimentation for 1 h
(Sharma et al. 2016) in a cTnI sensor, because the proteins far from the electrode might not be 
attracted toward the electrode rapidly with DEP alone.
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Figure 3-5. Amounts of particles collected within the RoIs using different electrical signals. (a) 
Escherichia coli K-12 collection over time. (b) E. coli K-12 and beads collected. (c) Integrated 
intensities of concentrated MS2 viruses. (d) Integrated intensities of collected cTnI-Ab. The 
experiments were conducted for 30 s (E. coli K-12 and polystyrene beads) and 1 min (MS2 viruses and 
cTnI-Ab) using different electrical signals: no solution addition (negative control), no signal after 
adding the solution (positive control), low frequency EO signals, high frequency DEP signals, and 
superimposed signals (EO+DEP). Statistical analysis was performed using one-way ANOVA followed 
by the Tukey post hoc test, and statistically significant results are identified with asterisks (*, **, and 
*** = p values < 0.05, 0.01 and 0.0001, respectively; ns – not significant).
Figure 3-5b shows the numbers of bacteria and beads captured after applying different 
treatments for 30 s. A moderate speed of ~119 (±6.3) μm/s around the facing electrode edges was 
adopted for the superimposed treatments, because it allowed many bacteria over the electrodes to be 
collected by pDEP while the beads were repelled from the electrode edges by nDEP without inertial 
attachment to the surface, making it possible to collect the bacteria selectively from the bacteria–bead 
mixture.
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Figure 3-6. Problem formulation for the electrokinetic simulation.
Figure 3-7 shows the calculated net force fields for E. coli and PS beads using COMSOL 
Multiphysics® 4.3, and hydrodynamic drag, gravitational, buoyant, and DEP forces were considered 
for the force field calculation. The simulation was conducted for actual experimental geometry (Fig. 3-
6), but close views around the electrodes were demonstrated here to show the differences between the 
treatments effectively. DEP (pDEP for bacteria and nDEP for beads) was effective within several 
microns from the electrode edges, and AC-EO dragged flows containing the particles to the electrode 
edges. The superimposed signal shows the integrated effect of DEP and EO for the enhanced selective 
concentration of the bacteria against beads.
46
Figure 3-7. Calculated net force fields for E. coli and 1 μm-diam. PS beads that are initially at rest 
under different electrical treatments. Each surface plot represents the magnitude of the resultant forces 
exerted on the particles, and the black arrows show the force vectors.   
The purity of the concentrated bacteria against the beads, i.e., the separation efficiency, was kept 
more than 99%, where the separation efficiency was defined as the fraction of target particles with 
respect to all of the particles (target + non-target). High separation efficiencies (over 90%) by DEP for 
bacterial capture were previously reported using applied voltages of more than 20 Vpp and long 
electrical activation times (10 min–1 h) (Cheng et al. 2009; Kim Soh 2009; Elitas et al. 2014). The 
superimposed signals enhanced the bacterial capture more selectively (>99 %) and more rapidly (30 s) 
with a low electric potential of DEP (5 Vpp) and simultaneous use of EO (1.2 Vpp).
Figures 3-5c and 3-5d show the quantities of MS2 viruses and cTnI-Ab, respectively, that were 
collected after applying the different types of signals for 1 min. Although nanometer-sized particles 
such as viruses and proteins are known to be difficult to manipulate by using DEP due to their small 
sizes, several studies have demonstrated the successful use of DEP for these particles (Nakano Ros 
2013; Dash Mohanty 2014). In those studies, long exposure times (5–30 min) (Green et al. 1997; 
Hughes Morgan 1997; Maruyama et al. 2011) or nanoscale electrode gaps (30–500 nm) (Madiyar et al.
2013; Hoelzel et al. 2005; Liao Chou 2012) under applied voltages of 5–35 Vpp were applied to increase 
the electric field for capture. It was observed in the present study that significantly more MS2 and cTnI-
Ab were captured using the superimposed signals than either DEP (10 Vpp) or EO (2 Vpp) signals alone 
(p < 0.035), with a gap of 25 μm between two electrodes and short electric field exposure time (1 min). 
The electric field gradient in the present electrodes was not high, compared to the previous DEP studies; 
however, many of the nanoparticles in the present study were continuously moved to the electrode edges 
by AC EO, providing those nanoparticles with the chances to be affected by the DEP forces. That is, 
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applying AC EO corresponded to increasing virus concentration near the electrodes. This was made 
possible by controlling the voltages and frequencies of DEP and EO separately, thereby precluding 
electrolysis as well as increasing the electric field intensity for capture. 
3.4. Conclusions
Rapid and selective electrokinetic concentration has been demonstrated of bacteria, viruses, and 
proteins on two coplanar electrodes via superimposition of AC EO with DEP. The superimposed signals 
moved the particles distant from the electrodes toward the high electric field area with EO irrespective 
of the particle size, and then captured the particles selectively at a particular position, i.e., the highest 
electric field spot, against the flow with pDEP. Significantly more bacteria were captured using the 
superimposed signals than were collected using the other two treatments, EO and DEP. Moreover, the 
bacteria were selectively and rapidly concentrated with high purity against polystyrene beads from the 
mixture. The concentrations of collected nanometer-sized biological particles such as MS2 viruses and
cTnI-Ab proteins were also enhanced by using this superimposition (EO + DEP) technique. This 
technique allowed for a relatively large gap between two electrodes and short electric field exposure 
time, and high capture efficiency. I strongly believe that the superimposition of AC EO and DEP can 
be applied to many biosensors requiring the rapid detection of biological particles with simple coplanar 
electrodes (Gong 2010; Sharma et al. 2016). 
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Chapter 4. Integrated Microfluidic System of EHD Focusing, DEP 
Concentration, and Electrical Detection of Bacteria
(Note: This chapter is partially or totally adapted from the published journal paper of myself, Han and 
Jang 2020.)
4.1. Materials and Methods
4.1.1 Numerical Analysis
3D simulations were conducted using the commercial software COMSOL Multiphysics® 4.3 
to verify EHD focusing. A 4 mm long (x-), 200 µm wide (y-), and 49 µm high (z-) microchannel was 
designed with different electrode patterns on the bottom surface. All the boundary conditions used for 
the electric and flow fields are shown in Fig. S-5. The Laplace equation     = 0 was first solved to 
find the quasi-static electric field, where   is electric potential. The conjugate gradient method was 
used as an iterative solver for   along the entire domain. The electric field vector fields were obtained 
from   = −  . The governing equations for the flow fields were   ∙   = 0 and   ∙
 −   +       +     
 
   = 0, where   is the flow velocity vector,   is static pressure, and   is the 
dynamic viscosity of the fluid. The EO slip flow (boundary conditions ⑥-(a) and ⑥-(b) in Fig. S-5) 
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Stern and diffuse layer capacitances, respectively)2,    is the electrical permeability of the medium 




angular frequency  , electrical conductivity of medium   , and Debye length   . Here, the  
coordinate is equal to zero at the center of the focusing electrode gap. The Newton–Raphson 
algorithm was employed along with an iterative solver using the generalized minimum residual 
method; hence, the   and   fields were obtained along the volumetric domain.
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, where    is the particle mass,    is the position vector of the particle,    is the 
particle diameter,    is the particle density,   is the gravity vector,    is the electrical permittivity of 
the medium, and   ( ) is the real part of the Clausius–Mossotti factor. Here, the beads were 380-nm-
diameter spheres, with    of 1050 kg/m
3. Predetermined   and   values were used for particle 
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tracing, and a transient implicit-solver-generalized alpha was used with automatically chosen time 
steps. A total of 114 (19×6) particles were thus uniformly distributed at the inlet, and their position 
vectors were calculated with time. All the solutions numerically converged when the mesh exceeded 
789,653 elements, and the 4th, 2nd, and 1st order elements were used for the electric potential, flow 
velocity, and pressure, respectively (with 4, 10, 20, and 35 nodes per tetrahedral element for the 1st, 
2nd, 3rd, and 4th order elements respectively). The trajectories of the beads (Fig. 4-7c) were then 
obtained with zero electric potentials at the concentration electrodes.
4.1.2 Preparation of bead and bacteria solutions
Figure 4-1. Bacterial growth curves measured for the present study.
Bacterial strains S. aureus (ATCC® 25923™), B. subtilis (ATCC® 21332™), E. coli C3000 
(ATCC® 15597™), and S. epidermidis (ATCC® 12228™) were cultured on Luria–Bertani (LB) agar 
plates separately for 24 h at 37 °C. Each colony was then inoculated into 10 mL of LB broth (244620; 
Becton, Dickinson and Company, USA) and grown at 37 °C and 160 rpm in a shaking incubator for 
4–6 h according to the late-log-phase growth condition (Fig. 4-1), which was determined by 
measuring optical density at 600 nm. The grown bacteria were diluted serially and centrifuged at 4000 
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rpm for 10 min to remove the residual LB broth. A 0.01× solution of PBS [100-fold diluted PBS (pH 
7.4; Gibco™ 10010023; Thermo Scientific, USA) in deionized water (18.2 MΩ∙cm; from university-
provided water pipelines)] was used as the medium to simulate drinking water; the electrical 
properties (conductivity, Debye length, etc.) of the 0.01× PBS and drinking water were similar. The 
label-free bacteria were re-suspended in the prepared media. 
For the particle capture experiments with beads and bacteria, 380-nm-diameter red 
(excitation/emission: 542/612 nm) fluorescent polystyrene beads (Fluoro-Max R400; Thermo 
Scientific, USA) were suspended in 0.001× PBS buffer to obtain a number density of 5×105 #/mL. 
The S. aureus and E. coli C3000 in 0.01× PBS solution were also labeled separately with SYTOTM 9 
(S34854; Thermo Scientific, USA) (excitation/emission: 483/503 nm) (2.5 μM) at concentrations of 
107 CFU/mL (Lapizco-Encinas et al. 2004). The electrical conductivity was measured using a 
conductivity meter (handylab pH/LF 12; SI Analytics GmbH, Germany), and these values were 200 
μS/cm and 21 μS/cm for 0.01× PBS and 0.001× PBS, respectively, at room temperature. 
4.1.3 Device microfabrication and surface modification
Figure 4-2. I-V graphs for the detection electrodes with SWCNT channels modified with EDC/NHS, 
S. aureus antibody, and Tween20.
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Figure 4-3. (a) Device configuration and experimental set-up with three pairs of electrodes: focusing, 
concentration, and detection electrodes. (b) Field-emission scanning electron microscope image 
showing deposition of high-density aligned single-walled carbon nanotubes (SWCNTs) between the 
detection electrodes via alternating current dielectrophoresis (DEP). (c) Image of the fabricated 
device. (d) Functionalization scheme of the FET immunosensor and illustration of the FET by the 
capture of negatively charged S. aureus. The binding of the negatively charged bacteria onto the bio-
functionalized SWCNTs induces holes in the p-type semiconductor, resulting in the increase of 
electrical currents.
Figure 4-4. Microfabrication process of the microfluidic immunosensor chip.
A 6-inch SiO2/Si wafer was pre-cleaned by ultra-sonication in acetone and isopropyl alcohol 
for 5 min each. A pair of Cr/Au coplanar rectangular concentration electrodes (thickness: 10/100 nm) 
were deposited on the wafer. A 300-nm-thick dielectric Si3N4 layer was fabricated on the 
concentration electrodes using plasma enhanced chemical vapor deposition. The dielectric layer was 
then etched, and the residual photoresists were removed with oxygen plasma. The focusing and 
detection electrodes (Cr/Au thickness: 10/100 nm, respectively) were deposited using electron beam 
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evaporation, and the wafer was diced into chips of 35 mm × 25 mm (Fig. 4-4). The embedded 
concentration electrodes (gap: 5 µm) and two source and drain electrodes (gap: 20 µm; width: 50 µm) 
were used for the pDEP capturing and conductance measurements, respectively.
The SWCNT channels were prepared between the detection electrodes and functionalized as 
described in a previous work6. Briefly, SWCNT powders (98% semiconducting) were suspended in 
N,N-Dimethylformamide (DMF; 3057-4405; Daejung chemicals, Korea) through ultra-sonication and 
centrifugation (concentration: 10 μg/mL). Then, 5 μL of the prepared SWCNT suspension was applied 
between the two detection electrodes, and aligned SWCNT bridges were formed by applying DEP at 5 
Vpp and 200 kHz for 30–60 s (Fig. 4-3b). Polyclonal anti-S. aureus (ab20920, Abcam, UK) in 1× PBS 
(concentration: 10 μg/mL) was then immobilized on the SWCNTs by incubation at 37 °C for 2 h via 
EDC(1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide)-NHS (N-Hydroxysuccinimide) chemistry. 
SuperBlock T20 blocking buffer (0.05% Tween-20; 37536, Thermo Scientific, USA) was incubated 
for 30 min at room temperature to prevent non-specific attachment to the SWCNTs (Mao et al. 2013)
(Fig. 4-3d). All the surface modifications were performed through a polydimethylsiloxane (PDMS) 
well around the SWCNTs, and the sensors were rinsed with 1× PBS and dried after each modification 
step. The current–voltage (I-V) curves were measured after each modification step (Fig. 4-2). All the 
bio-functionalized sensors were stored at 4 °C before further use to maintain stability (Lin et al.
2014).
4.1.4 Experimental set-up
PDMS microchannels (width/height: 200 μm/49 μm) with two 1-mm-diameter holes at the 
inlet and outlet reservoirs were manufactured as described in a previous work (Han et al. 2019) and 
bonded onto the bio-functionalized sensor chips by aligning manually with a microscope (Fig. 4-3c). 
A syringe pump (Harvard Pump 11 Elite, 70-4505INT; Harvard Apparatus, USA) was used to infuse 
the prepared beads or bacterial solution into the prepared microfluidic device. External AC voltages 
were applied to the contact pads.
For the bead capture experiments, a lab-made voltage adder was used to superimpose signals 
from two function generators (AFG3022C; Tektronix, USA) (Han et al. 2018). The superimposed 
signals were applied to the focusing electrodes to activate EO vortices (1.25 Vpp, 5.4 kHz) and nDEP 
pushing (10 Vpp, 3 MHz) to align the particles along the stagnant lines (Fig. 4-3a). Another function 
generator (WW5064; Tabor, Israel) was used for the pDEP capture (10 Vpp, 200 kHz) of beads on the 
SWCNT channels. Here, each function generator offered sinusoidal signals that were 180° out of 
phase via the two-channel sources. A cooled interline transfer camera (ORCA-R2; Hamamatsu, Japan) 
connected to an inverted fluorescent microscope (Eclipse Ti-U; Nikon, Japan) was used to obtain 
images at an exposure time of 100 ms. The number of beads captured in a specified area (20×50 µm2) 
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between the two detection electrodes was counted with ImageJ by dividing the total area occupied by 
the particles by the area occupied by a single bead in the fluorescence images (Yang et al. 2006; Han 
et al. 2018).
For the bacterial quantification experiments, EHD focusing (1.5 Vpp, 9 kHz) and 
concentration (10 Vpp, 8 MHz) electrodes were biased for 10 min, and the RCC of the SWCNTs was 
measured throughout the experiments via the detection electrodes using a source meter (2635B; 
Keithley Instruments, USA) at a fixed source–drain voltage of 100 mV. The RCC was computed as 
(G–G0)/G0, where G is the electrical conductance measured in real-time and G0 is the equilibrated 
electrical conductance measured under steady flow before the actuation of AC signals. The stabilized 
RCC (SRC) was also computed as (GS–G0)/G0, where GS is the stabilized electrical conductance 
measured after the 10-min-bacterial attachment (Wasik et al. 2018). 
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Figure 4-5. Optimization process of the frequencies and electric potentials for EHD focusing. Among 
the four electrical components of the superimposed signals for bead capture, one parameter, namely 
(a) EO frequency, (b) EO electric potential, (c) negative DEP (nDEP) frequency, and (d) nDEP 
electric potential, was varied while the other three parameters were fixed. Between the two 
components of the sinusoidal signals for bacterial detection, one parameter, namely (e) EO frequency 
or (f) EO electric potential, was varied while the other parameter was fixed.
The optimization process for the voltages and frequencies of EHD focusing in these two 
experiments was conducted. Alternating current (AC) frequencies and electric potentials were 
experimentally determined for electrohydrodynamic (EHD) focusing. Four parameters were 
investigated in the bead capture experiments, namely electro-osmosis (EO) frequency, EO electric 
potential, negative dielectrophoresis (nDEP) frequency, and nDEP electric potential. The number of 
captured beads (i.e., 380-nm-diameter polystyrene beads) was compared with the DEP fixed at the 
concentration electrodes, where one parameter among the aforementioned four parameters was varied 
while the other three were fixed. Figure 4-5a shows the number of captured beads with varying EO 
frequency, showing that the peak value was 5.4 kHz. The maximal capture occurred at an EO 
potential of 1.25 Vpp. A larger convection speed could be induced when the EO potential was higher, 
but the risk of particle loss by inertial impaction could also increase (Fig. 4-5b). A frequency of 3 
MHz was deemed best for the nDEP frequency (Fig. 4-5c). Although stronger nDEP forces were 
generated with this higher frequency in the megahertz regime, the superimposed signals were unstable 
when the nDEP frequency exceeded 3 MHz owing to the lab-made voltage adder limitations. Figure 
4-5d shows that the nDEP electric potential in this case was determined as 10 Vpp, which was the 
maximal output voltage from the function generator.
For bacterial detection experiments, a pair of sinusoidal signals were used for EHD focusing. 
Only two parameters were investigated, i.e., EHD frequency and EHD electric potential, and one 
parameter was varied while the other was fixed. Then, the relative electrical conductance change 
(RCC) between the detection electrodes were compared. Here, the DEP (8 MHz, 10 Vpp) was applied 
to the concentration electrodes. Figure 4-5e shows the stabilized relative electrical conductance 
change (SRC) was the highest at 9 kHz. The SRC was also the highest at an EHD potential of 1.5 Vpp 
when the frequency was fixed at 9 kHz (Fig. 4-6f).
The frequencies for DEP concentration were determined according to the Clausius–Mossotti 
(CM) factors under a maximal voltage output of 10 Vpp (peak-to-peak). Each experiment in this study 
was performed at least thrice, and the mean values are shown with their standard deviations indicated 
as error bars.
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4.2. Results and Discussion
4.2.1 Enhanced DEP capture of nanometer-sized beads aided by EHD focusing
Figure 4-6. Clausius–Mossotti factors of selected bacteria and a bead. They are functions of electrical 
permittivities and conductivities of media and particles, where all of wall, membrane, and cytoplasm 
were considered in the calculation in case of bacteria. The dielectric property of B. subtilis is 
unknown. Red and blue vertical dashed lines indicate the AC frequencies for the beads and S. aureus
experiments, respectively.
Figure 4-3 shows a schematic of the designed microfluidic immunosensor consisting of three 
pairs of coplanar electrodes: focusing (10 μm gap), concentration (5 μm gap), and detection (20 μm 
gap) electrodes with experimental set-up. The focusing electrodes were designed for EHD focusing of 
the particles based on the AC EO vortex with nDEP on the y-z plane during continuous transport in 
the streamwise (x) direction. This means that stagnant particle focal points were formed inside the AC 
EO vortices while being pushed by the nDEP; thus, the incoming particles were confined around the 
focal points. As these points were located close on the bottom surface as well as close to the center of 
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the CNT channel in the streamwise direction, they were effectively captured using the concentration 
electrodes via pDEP. The real parts of the CM factors for the beads were found to determine their 




Figure 4-7. Fluorescence images of 380-nm-diameter polystyrene beads flowing over the detection 
electrodes (a) without and (b) with EHD focusing (1500 Hz, 1 Vpp) at a flow rate of 83.3 nL/min and 
number concentration of 1×107 #/mL. The yellow dashed lines and green arrows indicate the side 
walls of the microchannels and the flow direction, respectively. Calculated trajectories of the 380-nm-
diameter beads with EHD focusing; (c) top view where the color represents the speeds of the beads, 
and (d) cross-sectional view at the detection area where the black bold lines on the bottom show the 
focusing electrodes. (e) Beads captured between the detection electrodes after biasing the focusing 
and detection electrodes with different electrical signals, for a flow rate of 200 nL/min. (f) Number of 
beads captured in an area (20×50 µm2) between the two detection electrodes after biasing with 
different electrical signals for 5 min. (g) Measured number of captured beads for 1 min and capture 
efficiencies with different flow rates at a fixed number concentration of 5×105 #/mL. The white and 
black scale bars in (a)-(c) and (e) represent 50 μm.
It was observed that EHD focusing of the 380-nm-diameter beads was not easy to accomplish 
by the AC EO signal alone. Both AC EO vortices and weak pDEP attachment onto the focusing 
electrodes occurred at a frequency of 5.4 kHz. Hence, another nDEP signal (3 MHz) was 
superimposed on the AC EO signals, and the superimposed signals having both low (AC EO) and 
high (nDEP) frequency components were applied to the focusing electrodes. Successful particle 
focusing using the superimposed signals were then demonstrated experimentally (Figs. 4-7a-b) and 
numerically (Figs. 4-7c-d). The fluorescence images were obtained over the detection electrodes, and 
computer simulations were obtained with Comsol Multiphysics software (please see supplementary 
information). The beads were delivered to the DEP-effective region close to the concentration 
electrodes with minimal losses. The number of beads observed on the detection area were 14.6 times 
greater than those without EHD focusing, and no beads were captured without DEP concentration 
(Figs. 4-7e-f).
Both the number of captured beads and the corresponding capture efficiencies were analyzed 
(Fig. 4-7g) with respect to the flow rate, and the efficiency is defined as the number of beads captured 
in the detection area divided by the number of incoming beads. The beads were most captured at a 
flow rate of 200 nL/min (at an incoming number rate of 100 #/min) and a flow velocity of 340 μm/s. 
At this condition, the capture efficiency was approximately 23%. This is in contrast with an efficiency 
of ~0.1% for the electrode-deposited cantilever sensors in a microfluidic device (Leahy Lai 2017b), 
and efficiencies for electrokinetic capture on a narrow detection area have been rarely reported.
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4.2.2 Quantification of bacteria via focusing-concentration-detection
The I-V curves measured after each functionalization step of the sensors showed ohmic 
contacts between the SWCNTs and detection electrodes (Fig. 4-2). For the biosensing of S. aureus in 
the microfluidic device, S. aureus particles were focused by the AC EO and nDEP, both of which 
simultaneously occurred at the same low frequency (9 kHz) (Fig. 4-6), and the confined bacteria were 
delivered to the DEP-effective region above the concentration electrodes and captured by pDEP (8 
MHz) on the SWCNTs.
Figure 4-8. (a) Measurement of the relative electrical conductance change of SWCNTs with different 
S. aureus concentrations. (b) Stabilized relative electrical conductance change (SRC) as a function of 
S. aureus concentrations. (c) Continuous monitoring of S. aureus at different bacterial concentrations 
(0, 200, and 1000 CFU/mL) for three repeated cycles where each cycle consists of turning on both 
EHD focusing and DEP concentration for 10 min and then turning off while measuring the RCC 
throughout the cycle. (d) Selectivity tests against S. epidermidis, B. subtilis, and E. coli C3000. S/N 
refers to the signal-to-noise ratio.
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Figure 4-9. (a) Figure 5-8a; (b) example showing electrical conductance variations with time.
Figure 5a shows real-time measurements of S. aureus with different bacterial concentrations 
(from 102 to 106 CFU/mL) at the inlet. Before biasing the focusing and concentration electrodes, i.e. 
less than 0 min in Fig. 5-8a, the conductance variation was very small with a standard deviation (or 
noise) of 0.27% (Fig. 4-9). The RCC owing to the captured bacteria was measured after turning off 
both the biases at 10 min for all bacterial concentrations, and the RCC was stabilized around 35 min. 
The SRC increased with increasing bacterial concentrations (Fig. 4-8b). That is, bacterial capture 
induced increases in the electrical conductance through the SWCNTs. In fact, as the surface of 
bacteria is negatively charged in the 0.01× PBS buffer, the binding of the negatively charged bacteria 
onto the bio-functionalized SWCNTs induces holes in the p-type semiconductor, resulting in the 
increase of electrical currents at the fixed source–drain voltages (Jiang et al. 2004; Wu et al. 2017). 
The conductance signals measured during the first 10 min bias from 0 min, which was for focusing 
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and bacterial capture, was caused by interference with the electric field of the concentration 
electrodes.
Figure 4-8b shows the calibration plot of the microfluidic immunosensor with respect to the S. 
aureus concentrations. The linear relationship (R2=95.6%) between the SRCs and the logarithmic S. 
aureus concentrations was maintained in a range of 200 to 106 CFU/mL. This linearity did not 
continue when the bacterial concentration was around 107 CFU/mL, possibly because of attachment of 
too many bacteria beyond the capability of the bio-receptors on the SWCNTs. Interestingly, this 
characteristic was also reported in DEP-enhanced surface plasmon resonance sensors (Galvan et al.
2018). The limit of detection (LOD) of the present immunosensor was calculated to be 150 CFU/mL 
based on the three signal-to-noise (S/N) ratio (3-sigma). The SRCs were smaller than the 3-sigma 
when both the focusing and concentration were not turned on. Further, the measured relative standard 
deviation for 104 CFU/mL was 10.0%. The measurement of bacteria with a wide dynamic range (200 
to 106 CFU/mL) and improved LOD was rendered possible owing to the serial enrichment operation 
of EHD focusing and DEP concentration, and sensitive detection through the functionalized 
SWCNTs. 
Figure 4-8c shows continuous measurements of S. aureus at different bacterial concentrations 
(0, 200, and 1000 CFU/mL) at the inlet during three repeated cycles; each cycle consists of turning on 
the EHD focusing and DEP concentration for 10 min and then turning off while measuring the RCC 
throughout the cycle. The measured values of SRC were -0.32%, 0.21%, and 0.07% at 0 CFU/mL, 
0.78%, 1.84%, and 2.82% at 200 CFU/mL, and 3.05%, 4.05%, and 4.68% at 1000 CFU/mL. The 
SRCs increased with the number of cycles at 200 and 1000 CFU/mL. That is, S. aureus in the solution 
was continuously captured with the number of cycles until the bio-functionalized SWCNTs were 
spatially filled with the bacteria.
Figure 4-8d shows the selectivity test against a mixture of S. aureus and S. epidermidis, E. 
coli C3000, and B. subtilis. A bacterial mixture (2×103 CFU/mL, 1:1 ratio) of S. aureus and S. 
epidermidis showed SRCs similar to that of pure S. aureus (103 CFU/mL). Each of B. subtilis (106
CFU/mL) and E. coli C3000 (106 CFU/mL) showed SRCs smaller than the 3-sigma. Most incoming 
E. coli and S. epidermidis were possibly attached to the focusing electrodes by pDEP with 9 kHz 
signals, whereas much less losses of S. aureus occurred by nDEP during focusing (Fig. 3) (Asami et 
al. 1980; Johari et al. 2003; Sanchis et al. 2007).
4.2.3 Additional sensor selectivity based on antigen–antibody affinity 
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Figure 4-10. Fluorescence images of S. aureus (target) and E. coli C3000 (non-target) when the 
concentration electrodes (10 Vpp, 8 MHz) alone were activated and then deactivated. Each bacterial 
sample was of concentration 107 CFU/mL, and the scale bars represent 50 μm. When the electrodes 
were deactivated, most of the captured target (S. aureus) were still bound on the SWCNTs, whereas 
all the captured non-target (E. coli C3000) flowed away without non-specific binding.
Although the present EHD focusing can offer a great amount of selectivity to the sensors if 
the dielectrophoretic properties, such as the CM factors, of the bacteria to be quantified are known, 
this may not work if a mixture of two or more bacteria show similar dielectrophoretic behaviors. For 
example, although the optimal frequency for capture of S. aureus (target) is 8 MHz (Fig. 4-6), this 
frequency is also good for capturing E. coli C3000 (non-target), which is a risky factor to increase the 
non-specific binding of non-target bacteria on the bio-receptors. Therefore, I tested whether the 
present microfluidic immunosensor can prevent non-specific binding owing to pDEP in case where 
the electrokinetic separation of bacteria does not work sufficiently because of similar 
dielectrophoretic characteristics. In this regard, I turned off the EHD focusing in the experiment.
Both S. aureus and E. coli C3000 were captured on the SWCNTs coated with S. aureus
antibodies when the concentration electrodes (10 Vpp, 8 MHz) alone were activated (Fig. 4-10), 
where an upright fluorescent microscope (Eclipse 80i; Nikon, Japan) with a CCD camera 
(CoolSNAPTM DYNO; photometrics®, USA) was used to obtain images and videos with an exposure 
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time of 200 ms. When the electrodes were deactivated, most of the captured S. aureus were still 
bound on the SWCNTs, whereas all the captured E. coli C3000 flowed away without non-specific 
binding (see supplementary video). The pDEP can usually increase non-specific binding of particles 
on the surface, but this was prevented owing to the blocking buffer treatment (SuperBlock T20) and 
continuous channel flow. Few studies on avoiding electrokinetics-related non-specific binding have 
been reported; harsh electrothermal fluid motion was intentionally induced to remove non-specific 
binding in an assay (Liu et al. 2014), or blocking agent and secondary antibody amplification were 
treated after the DEP capture of different bacteria (Galvan et al. 2018). This FET immunosensor thus 
enabled an increase in sensitivity due to EHD focusing and pDEP concentration while maintaining a 
high level of selectivity against various non-target microorganisms, and high selectivity and low cross 
reactivity is highly required to address fundamental challenges in FET-based biosensors (Syedmoradi 
et al. 2019).
This electrokinetics-enhanced microfluidic sensor can be used for detection of several other 
target analytes unless medium conductivity is very high. The main parameters, AC frequency and 
media conductivity, can be adjusted for a particular target since both EO and nDEP should be 
generated for EHD focusing, and pDEP should be generated for concentration. For example, EO and 
nDEP occurred simultaneously at 9 kHz on the focusing electrodes for S. aureus detection in the 
present study; however, it may be difficult to avoid attachment to the electrodes during focusing in the 
case of S. epidermidis because pDEP can occur for this bacterium. In this case, an AC signal above 40
MHz can be superimposed with the 9 kHz (EO+pDEP) signal to generate a stronger nDEP, resulting 
in EO and nDEP, which was also observed when collecting 380-nm-diameter beads in this study.
4.2.4 Negligible electrothermal flow effect
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Figure 4-11. Computed temperature rises and electrothermal velocity magnitudes in 0.01× PBS (10 
Vpp, 8 MHz) around the concentration electrodes.
2D simulations were conducted using the same software with the above 3D simulations to 
estimate the AC electrothermal effect in the experiments. A cross-sectional (y-z plane) domain was 
set at the concentration electrodes (5-μm-gap), with considering silicon substrate  (675-μm-thick), 
SiO2 layer (300-μm-thick), Si3N4 layer (300-μm-thick), 0.01x PBS; (49-μm-thick), and PDMS (2.4-
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media,   ≅ 0.001 ℃  , and   is gravity vector (Green et al. 2001; Loire et al. 2012). As results of 
calculations, the maximal possible temperature rise and flow velocity was 0.07 ℃ and 1.78 μm/s, 
respectively. The maximum temperature rises were calculated to be 0.68 ℃ and 6.24 ℃ in 0.1x PBS 
(0.186 S/m) and 1x PBS (1.59 S/m), respectively.
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Chapter 5. Summary and Future Perspective
An array of IDEs is one of the most widely used planar electrodes in many DEP-based 
microfluidic devices; however, IDEs often show inefficiencies in DEP particle manipulation owing to 
the limited DEP-effective region. Herein, a MED method was presented that can generate planar 
electrode patterns with enhanced electric fields by simple electrode discretization and reconstructions.
A novel objective function, factor S, was presented as well calculated on the electrode surface that 
enables 2D computation of the downward dielectrophoretic forces or ∂   
 
∂z  for the overall 
volumetric domain. The MED-optimized electrodes were determined based on the value of factor S, 
and as the factor S increased, the particle capture increased (Figs. 6a and 6b). The MED-optimized 
electrodes captured 1.4 to 35.8 times more bacteria (p < 0.0016) than the respective IDEs, with a 
bacterial purity against the beads of more than 99.8%. In this study, values of factor S were computed 
for the discretized electrodes generated from IDEs for comparison; however, this method can be applied 
to any planar electrodes. I strongly believe that this method has the potential to be used for many 
electrode-based microfluidic devices and sensors (Sharma et al. 2016; Galvan et al. 2018).
I have demonstrated the rapid and selective electrokinetic concentration of bacteria, viruses, 
and proteins on two coplanar electrodes via superimposition of AC EO with DEP. The superimposed 
signals moved the particles distant from the electrodes toward the high electric field area with EO 
irrespective of the particle size, and then captured the particles selectively at a particular position, i.e., 
the highest electric field spot, against the flow with pDEP. Significantly more bacteria were captured 
using the superimposed signals than were collected using the other two treatments, EO and DEP. 
Moreover, the bacteria were selectively and rapidly concentrated with high purity against polystyrene 
beads from the mixture. The concentrations of collected nanometer-sized biological particles such as 
MS2 viruses and cTnI-Ab proteins were also enhanced by using this superimposition (EO + DEP) 
technique. This technique allowed for a relatively large gap between two electrodes and short electric 
field exposure time, and high capture efficiency. I strongly believe that the superimposition of AC EO 
and DEP can be applied to many biosensors requiring the rapid detection of biological particles with 
simple coplanar electrodes (Gong 2010; Sharma et al. 2016).
An integrated microfluidic immunosensor platform was presented with serial EHD focusing, 
DEP concentration, and FET-based electrical detection through bio-functionalized SWCNTs for 
continuous monitoring of flowing label-free S. aureus. The EHD focusing incorporated a combination 
of AC EO and nDEP to reduce transportation losses to the channel surfaces via signal 
superimposition. In the feasibility test, more 380-nm-diameter polystyrene beads (approximately 15 
times) were concentrated on the detection area with EHD focusing than without focusing, thereby 
showing the potential for detecting large-sized viruses with the proposed microfluidic immunosensor 
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platform. Quantification of label-free S. aureus in 0.01× PBS with similar electrical properties to tap 
water was also performed with this platform, showing high linearity (R2=0.956), enhanced LOD of 
150 CFU/mL, capture and detection time of 35 min, and high level of specificity to S. aureus against 
S. epidermidis, E. coli C3000, and B. subtilis through electrical (EHD focusing and DEP 
concentration) manipulation and biological (antibody and blocking agent) interaction.
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